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Guidelines identifying best practices for harvesting tissues that lead to optimal DNA preservation 20 

are few but are important curatorial concerns for genetic resource collections.  We conducted a 21 

temporal study to establish rate of DNA degradation of tissue samples extracted from field-22 

caught museum specimens.  Five individuals of Sigmodon hispidus were collected and their liver 23 

and muscle tissues were harvested.  Each tissue type was sectioned into 15 subsamples, and each 24 

was preserved in liquid nitrogen at different time intervals (2, 4, 8, 16 and 32 minutes; 1, 2, 4, 8 25 

and 16 hours; and 1, 2, 4, 8 and 16 days) following death.  DNA was extracted using an 26 

automated robotic instrument and molecular mass profiles were determined fluorometrically.  27 

Post-mortem DNA degradation was continuous and dependent on time, but also was 28 

significantly affected by differences among individual cotton rats.  DNA fragments of ≥10,000 29 

base pair in length were present in muscle samples across all time intervals, whereas DNA 30 

fragments of this size in liver samples were no longer present after 8 to 16 hours post-mortem.  31 

DNA molecular mass profiles showed that muscle samples retained 80% of their longest 32 

fragments (≥10,000 bp) until 1 day post-mortem, whereas liver samples retained the same 33 

percentage only until 8 minutes after death.  Although rates of decay were measured from 34 

samples in a laboratory (not field) setting, rates of decay presented here can guide field and 35 

museum workers in best practices.  Results suggest that opportunistic samples, such as those 36 

from roadkill specimens, are more likely to be of use for a variety of molecular methods when 37 

muscle is preserved.  Considerations of differences in rates of degradation may also guide 38 

selection of tissue types housed in genetic resource collections, especially under space-limited 39 

circumstances. 40 

Key words: Archived tissues, genetic resource collection, high quality DNA, tissue harvesting 41 

guidelines. 42 
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The advent of comparative genetic methods in the late 1960s, based on karyotypes and the 43 

molecular structure of proteins or nucleic acids (Hubby and Lewtonin 1966; Murphy et al. 1996) 44 

marked the beginning of procuring and biobanking tissues for future genetic studies (Sheldon 45 

and Dittmann 1997; Bradley and Dowler 2019).  Soon after, harvesting of tissues became a 46 

standard scientific practice leveraged to address questions in systematics, evolution, and 47 

molecular biology (Moritz and Hillis 1996; Sheldon 2001; Bradley and Dowler 2019).  48 

Subsequent development of the polymerase chain reaction (PCR, Saiki et al. 1985) in the early 49 

1980’s allowed researchers to obtain DNA sequences for comparative analyses from very small 50 

samples of biological material (Sheldon 2001; Lonsinger et al. 2019).  Continuing advances in 51 

genetic methods further stimulated growth of individual researcher and museum-based 52 

collections of tissues (Sheldon 2001; Corthals and Desalle 2005; Phillips et al. 2019).  53 

Consequently, curator-affiliated biological research collections housed in museums progressively 54 

assumed the task of maintaining tissue samples for long-term storage in what are known today as 55 

genetic resource collections or biobanks (Corthals and Desalle 2005; Dunnum et al. 2018; Cook 56 

and Light 2019).  The infrastructure supporting data collection, organization, and cross-57 

referencing to voucher specimens positioned museums as the ideal institutions for long-term 58 

stewardship of tissue specimens (Winker 2004; Corthals and Desalle 2005; Schindel and Cook 59 

2018; Cook and Light 2019; Thompson et al. 2021).  Indeed, genetic resource collections are an 60 

important form of scientific infrastructure that facilitates future research in an efficient and cost-61 

effective manner (Sheldon 2001; Winker 2004; Watanabe 2019). 62 

Despite increased organization and centralization of biological specimens, few best 63 

practices for long-term curation of these materials have been outlined and even fewer adopted 64 

(Zimkus and Ford 2014).  One such example of guidelines and standards was produced by the 65 
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Systematic Collections Committee of the American Society of Mammalogist that advised that 66 

tissues should be harvested and cold-stored as soon as possible after the death of the organism to 67 

provide the best quality material for later genetic analysis Phillips et al. 2019).  As a result, 68 

collections with the necessary infrastructure and financial abilities, now typically store and 69 

maintain their holdings in ultra-cold mechanical freezers (-80˚C) or in high-volume stable liquid 70 

nitrogen tanks (-196˚C) that offer premium long-term storage conditions (Hanner et al. 2004).  71 

However, in the absence of expensive cryogenic or ultra-cold infrastructure, scientific collections 72 

may opt to store tissue samples in ethanol at various concentrations.  Even though this practice is 73 

effective in preserving DNA in tissues, it poses the disadvantages of conserving small quantities 74 

of high molecular weight DNA even after just 2 years of storage (Kilpatrick 2002).  75 

Consequently, when archiving animal tissues, the best curatorial practice for storage and 76 

preservation of these biological samples for later genetic studies is their long-term storage at 77 

cryogenic temperatures such as those obtained with liquid nitrogen (Sheldon 2001, Corthals and 78 

Desalle 2005; Soniat et al. 2021).  Preserving tissue samples in such a way allows them to freeze 79 

immediately when in contact with liquid nitrogen.  This avoids intracellular ice formation that 80 

occurs when biological materials are cooled gradually (Taylor 1957) as happens when preserving 81 

tissues in dry ice or even in mechanical ultra-cold (-80°C) freezers. 82 

DNA is a stable macromolecule that easily can be extracted from degraded biological 83 

materials (Lindahl 1993; Fordyce et al. 2013; Lopez et al. 2020).  However, the more degraded 84 

the source of DNA is, the more limited are the laboratory techniques, analyses, and molecular 85 

applications (Lonsinger et al. 2019) that can be conducted on them.  Often field conditions 86 

preclude immediate post-mortem tissue collection, or some tissues are opportunistically 87 

obtained, such as from roadkill and thus collected many hours or days after death (Cheviron et al. 88 
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2011).  Characterizing post-mortem degradation behavior, especially long after death will 89 

contribute to the decision-making process of harvesting a particular tissue sample for certain 90 

types of genetic analyses.  Moreover, establishing best field practices for post-mortem tissue 91 

harvesting is a curatorial concern that needs to be addressed from a collection management 92 

perspective.  Established expectations about DNA degradation rates paired with recorded 93 

information about post-mortem collection time can guide borrowers and collectors of material 94 

for genetic studies.  These perspectives are relevant in view of the cost of long-term storage and 95 

management of genetic resource collections (Sheldon 2001; Corthals and Desalle 2005; Bradley 96 

et al. 2012; Baker et al. 2014). 97 

 Different biorepositories have different tissues collecting protocols, for example the 98 

Robert J. Baker Genetic Resource Collection (Texas Tech University, Lubbock, TX) curates 99 

heart, kidney, liver, muscle, spleen, lung, colon, feces, gonads, and blood as part of standard 100 

procedures (Bradley et al. 2020). However, liver and muscle are the most loaned tissues for 101 

genetic sequencing research, thus the focus of the present manuscript centers on these two tissue 102 

types.  Similarly, most studies of DNA degradation focus on liver and muscle tissues because 103 

both types are easily harvested in the field and regularly are collected for long-term museum 104 

storage across different genetic resources collections (Corthals et al. 2015).  The challenge of 105 

sampling liver is that autolysis rapidly increases after death due to high enzymatic activity of this 106 

organ (Bär et al. 1988; Hanner et al. 2004).  This often renders liver to be of only limited value 107 

for DNA studies when harvesting of tissue occurred long after death (Bär et al. 1988;).  In 108 

contrast, muscle tissue has a much lower level of vascularization and degrades at a lower rate 109 

than other tissues (Bär et al. 1988; Hanner et al. 2004).  However, a precise time frame for 110 

optimal post-mortem liver or muscle harvesting for subsequent high-quality DNA analysis is not 111 
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available in the current literature.  This lack of information makes the decision of when to 112 

harvest tissues in the field difficult, especially when the time of death of an organism is not 113 

known.  Also, considering that space is a limited resource in many cryogenic collections, a better 114 

understanding of degradation rates would help prioritize field harvesting of tissues and inform 115 

best practices when field conditions do not allow rapid cryopreservation (Dessauer et al. 1996; 116 

Cheviron et al. 2011). 117 

Consequently, the objectives of this study were to determine the rate at which tissue 118 

samples of liver and muscle degrade post-mortem, and also to provide parameters for tissue 119 

sampling for optimal long-term archival.  Obtaining DNA degradation rate will provide an 120 

optimal time window for best sampling of post-mortem tissues for later DNA genetic analysis.  121 

We hypothesized that quality of DNA will quantifiably decrease with time post-mortem in both 122 

tissues and that liver will degrade at a faster rate than muscle. 123 

 124 

MATERIALS AND METHODS 125 

Focal species.Sigmodon hispidus.— (hispid cotton rat) was selected as the focal species 126 

given that accessibility and relatively large body size, 80-150 grams (Schmidly and Bradley 127 

2016), allowed for large quantities of tissue to be obtained and archived for multiple time-point 128 

comparisons.  Individuals of S. hispidus were collected using Sherman live-traps following the 129 

American Society of Mammalogists guidelines (Sikes et al. 2016) and a TTU animal care and 130 

use protocol (Protocol #17023-02).  Traps were set before dusk at the Texas Tech University 131 

Department of Natural Resources Management Range Barn, in Lubbock Texas (Erskine Road 132 

and Texas Tech Parkway) and collected after dawn.  To minimize variation among individuals, 133 
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only adult males were targeted.  Five male individuals were collected and liver and muscle 134 

tissues were harvested as described below. 135 

Sample preparation and laboratory procedures.—Each collected specimen was assigned 136 

a unique identifier number (TK 195782, TK 195786, TK 195788, TK 195792, and TK 195793) 137 

referencing it to the Robert J. Baker Genetic Resources Collection of the Natural Sciences 138 

Research Laboratory, Museum of Texas Tech University.  The skull of each individual was 139 

prepared and catalogued as a voucher specimen.  Immediately after removal of liver and muscle, 140 

organs were sectioned into 15 pieces of approximately the same size with a mean weight of 141 

0.124 g for liver (s.e.= 0.005) and 0.113 g for muscle (s.e. = 0.004).  Pieces of tissue were 142 

individually placed in pre-labeled cryogenic vials and capped.  Between the time of dissection to 143 

immersion in liquid nitrogen, tissues were stored at room temperature (25° C).  Vials were then 144 

placed in a dewar flask containing liquid nitrogen at different time intervals after death (2, 4, 8, 145 

16, 32 minutes post-mortem; 1, 2, 4, 8, 16 hours post-mortem; and 1, 2, 4, 8, 16 days post-146 

mortem).  So as to linearize time intervals for statistical analyses, they were assigned a rank from 147 

first (1) to the fifteenth (15) time period.  These were used as levels of the independent variable 148 

in linear models described below.  149 

Samples were sent to RTLGenomics (Lubbock, Texas) where DNA was extracted using a 150 

Kingfisher 96-well extraction robot with the Kingfisher Cell and Tissue DNA kit (ThermoFisher 151 

Scientific, Waltham, Massachusetts).  After extraction, samples were diluted to a target 152 

concentration of 1ng/µl and transferred to an Advanced Analytical Technologies fragment 153 

analyzer (Agilent, Santa Clara, California) to quantify DNA molecular mass distributions using 154 

the DNF-464-0500 High Sensitivity Large Fragment 50kb kit.  This method quantifies DNA 155 
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sizes and relative abundances from 0 to 50,000 base pairs (Advanced Analytical Technologies 156 

2016) expressed as relative fluorescent units (RFUs).  157 

Data analysis.—Distribution summary statistics of median and variance, as well as the 158 

cumulative molecular mass profile were used to characterize DNA size distributions for each 159 

sample.  The molecular mass profile is presented in Soniat et al. (2021); it is defined as the slope 160 

of the regression line describing the relationship between DNA quantity and molecular mass 161 

(i.e., size in bp).   162 

Three statistical models were used to determine the relationship between DNA quality 163 

and time: a fixed effect model, a mixed-effects random intercept model, and a mixed-effects 164 

random intercept plus random slope model following the protocol of Zuur et al. (2009).  Mixed 165 

effects linear models (i.e., random intercept or random intercept plus random slope) take into 166 

consideration differences in DNA fragment sizes attributable to individual differences (i.e., the 167 

five different cotton rats) as well as measurements taken through time on the same individuals 168 

(repeated measurements, 15 time measurements each for 2 tissue types).  The random intercept 169 

model tested for differences among individuals in terms of the intercept, in other words 170 

accounting for differences among individuals in overall size of DNA fragments.  A random 171 

intercept plus random slope model tested for not only differences among individuals in terms of 172 

the intercept (overall size of DNA fragments) but also differences among individuals in how 173 

DNA fragment distributions changed across time.  A likelihood ratio test (Zuur et al. 2009) was 174 

performed to compare goodness of fit of the fixed effect, random intercept, and random intercept 175 

plus random slope models.  When no significant differences were detected between models, the 176 

simpler model was chosen as the one that best fit the data.  When one model showed significant 177 

difference over another in its goodness-to-fit, that model was selected.  All mixed models were 178 
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conducted using the NLME (Non-Linear Mixed Effects Models) function (Pinheiro et al. 2019) 179 

in R (R Core Team 2019). 180 

RESULTS 181 

Liver and muscle samples showed a progressive shortening of DNA fragments with increased 182 

time post-mortem prior to preservation (Fig. 1).  As predicted, liver tissue degraded at a more 183 

rapid rate than muscle.  A strong individual component to rate of DNA fragmentation in both 184 

tissue types is illustrated by substantive differences among individuals regarding intercepts.  185 

Likelihood ratio tests contrasting fixed effect models and random intercept models were 186 

significant for median (P <0.001), variance (P <0.01), and molecular mass profile (P <0.01) for 187 

liver, as well as for molecular mass profile for muscle (P <0.01) indicating that accounting for 188 

differences among individuals significantly improved fit of models (Table 1).  For muscle 189 

samples, differences in model fit between the fixed effect model and random intercept model 190 

were not significant (Table 1) for median (P = 0.054) or variance (P = 0.056).  Nonetheless, 191 

mixed models were used throughout to account for non-independence of times measured within 192 

individuals so as to properly partition degrees of freedom by considering the repeated measures. 193 

Likelihood ratio tests comparing random intercept and random intercept plus random 194 

slope models revealed no significant differences between the two models for median (P = 0.183), 195 

variance (P = 0.863), or molecular mass profile (P = 0.253) of DNA fragments sizes for liver.  196 

For muscle tissue there was no significant difference in fit of median DNA fragment sizes (P = 197 

0.062) among models (Table 1).  However, for muscle tissue the random intercept plus random 198 

slope models fit the data better for variance (P = 0.012) and molecular mass profile (P <0.001) of 199 

DNA fragments sizes.  These results indicate that not only were there differences among 200 
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individuals in overall amount of DNA, but the manner that fragment size changed with time was 201 

also different among individuals. 202 

Median DNA fragment sizes in liver tissue were relatively smaller than in muscle 203 

samples (Figs. 1A, 1B).  Median fragments for liver and muscle decreased in size through time 204 

for most individuals, however, this decrease was more consistent in liver than in muscle (Figs. 205 

1A, 1B).  Large DNA fragment sizes in muscle tissue were maintained for longer time post-206 

mortem (Figs. 1A, 1B) than in liver.  Linear mixed models indicated that the slope of the 207 

relationship between time post mortem and median DNA fragment size was greater in magnitude 208 

for liver (-1460.57) than for muscle (-1225.68) (Table 2).  Nonetheless, 95% confidence intervals 209 

of the slope for liver (-1150.35 to -1770.79) and muscle (-569.591 to -1881.77) overlapped, 210 

likely due to the greater variability of slopes for muscle, and suggest no significant difference 211 

between liver and muscle regarding the rate in change in fragment size with time post-mortem. 212 

Variances of liver DNA fragment sizes were more variable not only across time but also 213 

among individuals when compared to muscle tissue (Figs. 1C and 1D).  Similarly, the slope of 214 

the relationship between variance in the fragment length and time (b1 = -9060688) of liver tissue 215 

were more pronounced than in muscle samples (b1 =-2811150).  Linear mixed models indicated 216 

that the variance of fragment lengths decreased significantly with time (represented by a negative 217 

slope) in liver (P <0.001).  In contrast, the decrease in variance of fragment sizes for muscle (a 218 

negative slope) through time was non-significant (P = 0.281) (Table 2).  Calculations and 219 

comparison of 95% confidence intervals of the slope of the relationship between variance and 220 

time post-mortem for liver (-6,508,864 to -11,612,512) and muscle (2,256,169.3 to -7,878,469) 221 

indicated that they overlapped, suggesting no significant difference in the rate of change in the 222 

variance of fragment length between liver and muscle tissues. 223 



DNA degradation 
 

11 
 

Liver and muscle tissues showed a change in molecular mass profiles with a decrease in 224 

the proportion of large DNA fragments at later times.  The slopes of the relationship describing 225 

the molecular mass profiles decreased as time post-mortem increased (Figs. 2 and 3).  This 226 

decrease in molecular mass profile with time was more prominent in liver than in muscle (Fig. 2 227 

and 3).  Linear mixed models indicated a significant interaction between time and molecular 228 

mass profile and corroborated that the slope decreased with increased time post-mortem prior to 229 

preservation (Table 3). 230 

DISCUSSION 231 

Collections of preserved tissues are the primary source of genetic material for comparative 232 

studies in several biological fields (Sheldon 2001; Corthals and Desalle 2005; McLean et al. 233 

2016).  Genetic resource collections and their ability to link genetic material with voucher 234 

specimens are a valuable source for basic and comparative genetic research (Corthals and 235 

Desalle 2005; Bradley et al. 2014; McLean et al. 2016; Thompson et al. 2021) especially now 236 

that in-situ biodiversity (i.e., natural habitat) is declining, specimen collection is decreasing 237 

(Malaney and Cook 1998, Rohwer et al. 2022) and the demands for ex-situ genetic repositories 238 

are increasing (Sheldon 2001; Lopez et al. 2020).  Genetic resource collections advocate for 239 

preservation of biological samples in liquid nitrogen to secure long-term integrity of collections 240 

(Sheldon 2001; Soniat et al. 2021).  Sample procurement and preservation methods greatly affect 241 

quality of the collection and subsequently affect quality of biological material available for 242 

science (Sheldon 2001; Corthals and Desalle, 2005; Corthals et al. 2015).  In the present study, 243 

temporal differences in post-mortem immersion in liquid nitrogen (from 2 minutes to 16 days) 244 

were evaluated for liver and muscle samples to create baselines of degradation to establish best 245 

practices in terms of cryo-preparation of samples. 246 
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Median fragment sizes of DNA size distributions quantified from 2 minutes to 16 days 247 

post-mortem decreased continually with time prior to preservation in liquid nitrogen for both 248 

liver and muscle tissue.  This decrease in DNA fragment size was more pronounced in liver than 249 

in muscle samples.  For example, in liver, a reduction of 50% in median fragment sizes occurs 250 

between 16 and 32 minutes post-mortem, but in muscle the same reduction of 50% of median 251 

fragment sizes occurs later, between 1 and 2 days after death (Fig. 4).  As expected, shortening 252 

of DNA fragment size was dependent on time post-mortem prior to cryopreservation and this 253 

degradation occurs more rapidly in liver than in muscle samples, likely due to high post-mortem 254 

autolysis (non-microbial autodigestion) activity of this organ in comparison to muscle (Bär et al. 255 

1988; Corthals et al. 2015).  Even though nuclear mass in muscle cells is relatively lower than 256 

other tissues (Bär et al. 1988) it retains longer fragments of DNA for longer periods of time when 257 

compared to liver.  Muscle continued to contain DNA fragments of relatively large size across all 258 

time periods.  Variability of median DNA fragment sizes (i.e., differences in regression lines 259 

among individuals) in both liver and muscle samples also appear to be different, and greater in 260 

liver than in muscle (Figs. 1C and 1D).  This suggests that muscle degradation is more uniform 261 

than liver, and that muscle is more stable than liver.  This result is consistent with Camacho et al. 262 

(2013) that described muscle tissue as being less prone to DNA degradation than other tissues. 263 

When characterizing DNA degradation as the proportion of DNA fragments at a 264 

particular base pair threshold, the molecular mass profile shown in Figs. 2 and 3 also showed a 265 

continual decrease in the amount of DNA across time.  The decrease in liver and muscle 266 

molecular mass is represented by a negative slope across all 15-time measurements (Figs. 2 and 267 

3).  These slopes become progressively less steep as time intervals increased from 2 minutes 268 

toward 16-day post-mortem.  Liver degradation was more pronounced than muscle as shown by 269 
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the more rapid change in the incline of slopes in Fig. 5.  For example, muscle samples retained 270 

80% of the longest fragments (≥ 10,000 bp) until 1 day post-mortem, but liver retained the same 271 

percentage only until 8 minutes post-mortem (Fig. 5). 272 

Ten-thousand base pair and larger segments of DNA were present across most time 273 

intervals in both liver (until 8 to 16 hours post-mortem) and muscle (including 16 days post-274 

mortem).  Similar results were found by Camacho et al. (2013) where large DNA molecules of 275 

10,000 base pairs in length were present until 7 days post-mortem in Rattus rattus muscle tissue.  276 

Tissue samples used in the Camacho et al. (2013) study were not cryopreserved and were 277 

extracted with different protocols, and this could explain why we found 10,000 base pairs 278 

fragments of DNA in muscle until 16 days post-mortem.  In another study, Graham et al. (2015) 279 

found that DNA degradation of dorsal muscle in white fish (Coregonus clupeaformis) after 4 280 

days post-mortem was so great that DNA was completely unquantifiable, and after 2 days DNA 281 

fragments were shorter than 2,000 base pairs.  This discrepancy in degradation rate between the 282 

present study and Graham et al. (2015) could be attributable to the fact that fish skeletal muscle 283 

indeed degrades at a faster rate than mammalian muscle (Listrat et al. 2016).  Another study, 284 

conducted by Bär et al. (1988) found that complete degradation of liver DNA occurred between 285 

24- and 36-hours post-mortem in a diseased human body.  The current study shows that 286 

intermediate quality liver DNA (DNA fragments shorter than 10,000 base pairs) was still present 287 

in samples taken between 1- and 16-days post-mortem.  Discrepancies in results with Bär et al. 288 

(1988) could be attributed to their use of different laboratory techniques such as storing samples 289 

at -20°C at various durations prior to DNA extraction.  According to Soniat et al. (2021), 290 

degradation of DNA still occurs in cold storage even at -80°C.  291 
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The purpose of this study was to determine a critical time frame in which to collect high 292 

quality tissue samples for long term storage.  Various authors have defined thresholds for quality 293 

in different ways.  Low quality DNA has been considered those less than 250 base pairs (Lindahl 294 

1993), or less than 3,500 base pairs according to other authors (Bär et al. 1988).  High-quality 295 

DNA has been defined as fragments above 10,000 base pairs (Graham et al. 2015), 15,000 base 296 

pairs in length (Bär et al. 1988), or 20,000 base pairs (Blethrow et al. 2018).  These seemingly 297 

arbitrary thresholds can be viewed in light of what molecular approaches can be reliably 298 

employed with different qualities of DNA.  For example, the length of mitochondrial 299 

Cytochrome b and Cytochrome Oxidase I gene sequences, two commonly used genetic markers 300 

in mammalian genetic research are 1,140 and 1,541 base pairs in length (Zehner et al. 1998; 301 

Tobe et al. 2010), and only fragments of DNA large enough to include a gene’s entire locus 302 

would result in successful amplification, that is without the need to employ internal primers to 303 

amplify either locus in multiple reactions.  For the purpose of discussion here poor-quality DNA 304 

is considered to be fragments smaller than 3,500 base pair in length, and high-quality DNA being 305 

longer than 10,000 base pairs.  The quantity of DNA fragments larger than 10,000 base pairs 306 

declines after 8 hours post-mortem in liver but are still present in muscle at 16 days post-mortem 307 

(Fig. 4).  Although these observations can be used to guide collection, it should be noted that 308 

tissues were stored in-doors at ambient temperature prior to freezing in this study.  Hotter or 309 

colder field conditions would certainly shift timeframes of expected DNA degradation.  There 310 

are a variety of emerging library preparation and DNA sequencing workflows that can make use 311 

of relatively degraded DNA (e.g., methods that involve DNA fragmentation during library 312 

preparation such as probe-based capture enrichment; McCormack et al. 2012), whereas others 313 

benefit from high quality DNA (e.g., long-read sequencing; Bai et al. 2021), restriction enzyme 314 
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site associated reduced representation genome fingerprinting; Peterson et al. 2012).  For the 315 

latter, specific time-points for each tissue beyond which they are no longer useful is difficult to 316 

definitively state because of the different technical aspects of these methods.  For example, 317 

genome assembly is aided by long-reads and large library insert sizes, but a range of relative 318 

high molecular mass fragments would still improve assembly beyond expectations for highly 319 

degraded DNA.  For restriction-site associated methods, degraded DNA will lead to low 320 

recovery of loci compared to high quality DNA, but in some instances, such as those involving 321 

rare material, the recovery of a subset of loci for such specimens is preferred to no data (Lah et 322 

al. 2016).  However, given that higher quality DNA has numerous applications (Graham et al. 323 

2015; McLean et al. 2016), archiving high quality DNA should be the goal of genetic resource 324 

collections, and it is hoped the guidelines provided in this study will be of practical utility to field 325 

biologists and curators. 326 

ACKNOWLEDGEMENTS 327 

Thank you to Kathy McDonald for allowing us access to the R. J. Baker Genetic Resource 328 

Collection for samples processing and storage.  Many thanks to Hendra Sihaloho for assisting in 329 

R programming.  Nikola Ladkin provided valuable comments to the manuscript.  Support was 330 

provided by a State of Texas line-item through the Biological Database Project.  RDS and RDB 331 

were supported by a grant from NSF (2101909) while producing this manuscript.  332 



DNA degradation 
 

16 
 

LITERATURE CITED 333 

Advanced Analytical Technologies, Inc. 2016.  High sensitivity large fragment 50Kb analysis kit 334 

user guide (DNF-464-0500). For use with the Fragment Analyzer™. Automated CE 335 

System. Fragment Analyzer™ Software Version 1.1. PROSize® 2.0 Software Version 336 

2.0. 2450 SE. Oak Tree Court, Suite 101. Ankeny, IA 50021 337 

Baker R.J., Bradley L., Garner H., Bradley R.D. 2014. Door to drawer cost of curation, 338 

installation, documentation, data-basing, and long-term care of mammal voucher 339 

specimens in natural history museums. Occasional Papers, Museum of Texas Tech 340 

University 323:1–15. 341 

Bai Y., Lin W., Xu J., Song J., Yang D., Chen Y.E., Li L., Li Y., Wang Z., Zhang J. 2021. 342 

Improving the genome assembly of rabbits with long-read sequencing.  Genomics 113: 343 

3216–3223. 344 

Bär W., Kratzer A., Mächler M., Schmid W. 1988. Postmortem stability of DNA. Forensic 345 

Science International 39:59–70. 346 

Blethrow J., Sisneros N., Chackraborty S., Kingan S., Hall R., Wilson J., Lambert C., Eng K., 347 

Hatas E., and Baybayan P. 2018. Best practices for whole genome sequencing using the 348 

sequel system. PacBio. 1305 O’Brien Drive, Menlo Park, California 94025. 349 

Bradley R.D., Bradley L.C., Garner H.J., and Baker R.J. 2012. Cost of collecting and preparing 350 

mammal voucher specimens for natural history collections. Occasional Papers. Museum 351 

of Texas Tech University 313:1–14. 352 

Bradley R.D., Bradley L.C., Garner H.J., Baker R.J. 2014.  Assessing the value of natural history 353 

collections and addressing issues regarding long-term growth and care. BioScience 354 

64:1150–1158. 355 



DNA degradation 
 

17 
 

Bradley R.D., Dowler R.C. 2019.   A century of mammal research: changes in research 356 

paradigms and emphases.  Journal of Mammalogy 100:719–732. 357 

Bradley R. D., Bradley L. C., Honeycutt R. L., MacDonald K. A., Amarilla-Stevens H. N., and 358 

Stevens R. D.  2020.  Nomenclatural, curatorial, and archival best practices for 359 

symbiotypes and other type materials in natural history collections. Occasional Papers.  360 

Museum of Texas Tech University 366:1–16. 361 

Camacho-Sanchez M., Burraco P., Gomez-Mestre I., Leonard J.A. 2013. Preservation of RNA 362 

and DNA from mammal samples under field conditions. Molecular Ecology resources: 363 

13: 663–673. 364 

Cheviron Z., Carling M.D., and Brumfield D.R.T. 2011. Effects of postmortem interval and 365 

preservation method on RNA isolated from field-preserved avian tissues.  The Condor 366 

113:483–489. 367 

Cook J. A., Light J. E. 2019. The emerging role of mammal collections in 21st century 368 

mammalog. Journal of Mammalogy 100: 733–750. 369 

Corthals A., and Desalle R. 2005. An application of tissue and DNA banking for genomics and 370 

conservation: The Ambrose Monell cryo-collection (AMCC).  Systematic Biology 371 

54:819–823. 372 

Corthals A., Martin A., Warsi O., Woller-Skar M., Lancaster W., Russell A., and Dávalos L. 373 

2015.  From the field to the lab: best practices for field preservation of bat specimens for 374 

molecular analyses. PLoS ONE 10:e0118994. 375 

Dessauer H.C., Cole C., and Hafner M.S. 1996. Collection and storage of tissues. In: Hillis D.M., 376 

Moritz C. and Mable B.K., editors. Molecular Systematic Second Edition.  Sinauer: 377 

Sunderland, Massachusetts; p. 29–47. 378 

javascript:;
javascript:;


DNA degradation 
 

18 
 

Dunnum J.L., McLean B.S., Dowler R.C., Systematic Collections Committee of the American 379 

Society of Mammalogists. 2018.  Mammal collections of the Western Hemisphere: A 380 

survey and directory of collections, Journal of Mammalogy 99:1307–1322. 381 

Fordyce S.L., Kampmann M.L., van Doorn N.L., and Gilbert M.T.P. 2013. Long-term RNA 382 

persistence in postmortem contexts. Investigative Genetics 4:7. 383 

Graham C.F., Glenn T.C., Mcarthur A.G., Boreham D.R., Kieran T., Lance S., Manzon R.G., J 384 

Martino.A., Pierson T., Rogers S.M., Wilson J.Y., and Somers C.M. 2015. Impacts of 385 

degraded DNA on restriction enzyme associated DNA sequencing (RADSeq). Molecular 386 

Ecology Resources 15:1304–1315. 387 

Hanner R., Corthals A., and Dessauer H.C. 2004. Salvage of genetically valuable tissues 388 

following a freezer failure.  Molecular Phylogenetic and Evolution 34:452–455. 389 

Hubby J. L., and Lewontin R.C. 1966.  A molecular approach to the study of genic 390 

heterozygosity in natural populations. I. The number of alleles at different loci in 391 

Drosophila pseudoobscura.  Genetics 54:577–594. 392 

Kilpatrick C.W. 2002.  Noncryogenic preservation of mammalian tissues for DNA extraction: 393 

An assessment of storage methods.  Biochemical Genetics 40:53–62. 394 

Lah L., Trense, D. Benke, H. Berggren, P. Gunnlaugsson, Þ., Lockyer C., Öztürk A.,  395 

Öztürk B., Pawliczka I., Roos A., Siebert U., Skóra K., Víkingsson G., and  396 

Tiedemann R. 2016.  Spatially explicit analysis of genome-wide SNPs detects subtle 397 

population structure in a mobile marine mammal, the harbor porpoise. PLoS ONE 11: 398 

e0162792. 399 

Lindahl T. 1993.  Instability and decay of the primary structure of DNA.  Nature 362:709–715. 400 



DNA degradation 
 

19 
 

Listrat A., Lebret B., Louveau I., Astruc T., Bonnet M., Lefaucheur L., Picard B., and Bugeon J. 401 

2016.  How muscle structure and composition influence meat and flesh quality.  The 402 

Scientific World Journal, Article ID 3182746. 403 

Lopez L., Turner K.G., Bellis E.S., Lasky J.R. 2020. Genomics of natural history collections for 404 

understanding evolution in the wild. Molecular Ecology Resources 20:1153–1160. 405 

Lonsinger C., Daniel D., Adams J.R. and Waits L.P. 2019. Consideration of sample source for 406 

establishing reliable genetic microsatellite data from mammalian carnivore specimens 407 

held in natural history collections. Journal of Mammalogy 100:1678–1689. 408 

Malaney, J.L., Cook, J.A.  2018.  A perfect storm for Mammalogy:  declining sample availability 409 

in a period of rapid environmental degradation.  Journal of Mammalogy 99: 773-788. 410 

McCormack J. E, Faircloth B.C, Crawford N.G., Gowaty P.A, Brumfield R.T, Glenn T.C. 2012. 411 

Ultraconserved elements are novel phylogenomic markers that resolve placental mammal 412 

phylogeny when combined with species-tree analysis. Genome Research 22:746–754. 413 

McLean B.S., Bell K.C., Dunnum J.L., Abrahamson B., Colella J.P., Deardorff E.R., Weber J.A., 414 

Jones A.K., Salazar-Miralles F., and Cook J.A. 2016.  Natural history collections-based 415 

research: progress, promise, and best practices.  Journal of Mammalogy 97:287–297. 416 

Moritz C., and Hillis D M. 1996. Molecular systematics: context and controversies.  In Hillis 417 

D.M., Moritz C. and Mable B.K., editors. Molecular Systematic Second Edition. Sinauer: 418 

Sunderland, Massachusetts; p. 1–13. 419 

Murphy R.W., Sites Jr., J.W., Buth D.G., and Haufler C.H. 1996. Proteins: Isosymes 420 

electrophoresis. In Hillis D.M., Moritz C. and Mable B.K. editors.  Molecular Systematic 421 

Second Edition.  Sinauer: Sunderland, Massachusetts; p. 51–120. 422 



DNA degradation 
 

20 
 

Peterson B. K., Weber J. N., Kay E. H., Fisher H. S., Hoekstra H. E. 2012.  Double digest 423 

RADseq: An inexpensive method for De Novo SNP discovery and genotyping in model 424 

and non-Model species.  PLoS ONE 7:e37135. 425 

Phillips  C.D., Dunnum J.L., Dowler R.C., Bradley L.C., Garner H.J., MacDonald K.A., Lim 426 

B.K., Revelez M.A., Campbell M.L., Lutz H.L., Ordóñez Garza N., Cook J.A., Bradley, 427 

R.D., Systematic Collections Committee of the American Society of Mammalogists. 428 

2019. Curatorial guidelines and standards of the American Society of Mammalogists for 429 

collections of genetic resources, Journal of Mammalogy 100:1690–1694. 430 

Pinheiro J., Bates D., DeBroy S., Sarkar D., R Core Team. 2019.  NLME: Linear and nonlinear 431 

mixed effects models. R package Version 3.1–140. URL: https://CRAN.R-432 

project.org/package=nlme. 433 

R Core Team. 2019. R: A language and environment for statistical computing. R Foundation for 434 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org. 435 

Rohwer, V.G., Rohwer Y., Dillman C.B. 2022.  Declining growth of natural history collections 436 

fails future generations.  PLoS Biology 20: e3001613. 437 

Saiki R.K., Scharf S., Faloona F., Mullis K.B., Horn G.T., Erlich H.A., Arnheim N. 1985. 438 

Enzymatic amplification of beta-globin genomic sequences and restriction site analysis 439 

for diagnosis of sickle cell anemia.  Science 230:1350–1354. 440 

Schindel D.E., Cook J.A. 2018. The next generation of natural history collections. PLoS Biology 441 

16:e2006125. 442 

Schmidly D.J., Bradley R.D. 2016. The mammals of Texas. 7th Edition.  The University of Texas 443 

Press, Austin, Texas. 444 



DNA degradation 
 

21 
 

Sheldon F., and Dittmann D.L. 1997. The value of vertebrate tissue collections in applied and 445 

basic science. In: Hoagland K.E. and Rossman A.Y., editors.  Global Genetic Resources.  446 

Association of Systematic Collections, Washington DC; p. 151–162. 447 

Sheldon F. 2001. Molecular collections for basic research: Museums, methods, and morality.  In 448 

Yaacob Z., Moo-Tan S., and Yorath S., editors. Proceedings of the International 449 

Conference on In-situ and Ex-situ Biodiversity Conservation in the New Millennium. 450 

Yayasan Sabah/Innoprise Corporation and Sabah Museum, KotaKinabalu, Sabah, 451 

Malaysia; p. 331–346. 452 

Sikes R.S., and the Animal Care and Use Committee of the American Society of Mammalogists. 453 

2016. Guidelines of the American Society of Mammalogists for the use of wild mammals 454 

in research and education. Journal of Mammalogy 97:663–688.   455 

Soniat T.J., Sihaloho H., Stevens R.D., Little T.D., Phillips C.D., and Bradley R.D. 2021.  456 

Temporal-dependent effects of DNA degradation on frozen tissues archived at -80°C. 457 

Journal of Mammalogy 102:375–383. 458 

Taylor A.C. 1957. Discussion: The effect of rate of cooling on survival of frozen tissues.  459 

Proceedings of the Royal Society of London. Series B, Biological Sciences 147:466–475. 460 

Thompson C.W., Phelps K.L., Allard M.W., Cook J.A., Dunnum J.L., Ferguson A.W., Gelang 461 

M., Khan F.A.A., Paul D.L., Reeder D.M., Simmons N.B., Vanhove M.P.M., Webala 462 

P.W., Weksler M., Kilpatrick C.W. 2021.  Preserve a voucher specimen! The critical 463 

need for integrating natural history collections in infectious disease studies.  American 464 

Society for Microbiology 12: e02698-20. 465 



DNA degradation 
 

22 
 

Tobe S.S., Kitchener A.C., Linacre A.M.T. 2010. Reconstructing mammalian phylogenies: A 466 

detailed Comparison of the cytochrome b and cytochrome oxidase subunit I 467 

mitochondrial genes. PLoS ONE 5:e14156. 468 

Watanabe M. E. 2019. The evolution of natural history collections: New research tools move 469 

specimens, data to center stage. BioScience 69:163–169. 470 

Winker K.  2004.  Natural history museums in a postdiversity era.  BioScience 52:455–459. 471 

Zehner R., Zimmermann S., and Mebs D. 1998. RFLP and sequence analysis of the cytochrome 472 

b gene of selected animals and man: Methodology and forensic application.  International 473 

Legal Medicine 111:323–327. 474 

Zimkus B. M., Ford L.S. 2014.  Best practices for genetic resources associated with natural 475 

history collections: Recommendations for practical implementation. Collection Forum 476 

28:77–112. 477 

Zuur A., Jeno E.N., Walker N., Saveliev A.A., Smith G.M. 2009. Mixed effects models and 478 

extensions in Ecology with R.  Springer, Berlin, Heidelberg.  479 



DNA degradation 
 

23 
 

FIGURES 480 

Figure 1. Median and variance of DNA fragment sizes for liver (A and C) and muscle (B and D) 481 

across time post-mortem prior to preservation in liquid nitrogen. Individual 1 is represented by 482 

circles, individual 2 represented by squares, individual 3 by triangles, individual 4 by stars, and 483 

individual 5 represented by diamonds. 484 

Figure 2.  DNA molecular mass profile for liver samples represented by the proportion of DNA 485 

density (RFU) across different base pair size thresholds.  Y axis values indicate proportion. 486 

Individual 1 is represented by circles, individual 2 represented by squares, individual 3 by 487 

triangles, individual 4 by stars, and individual 5 by diamonds. 488 

Figure 3.  DNA molecular mass profile for muscle samples represented by the proportion of 489 

DNA density (RFU) across different base pair size thresholds. Y axis values indicate proportion. 490 

Individual 1 is represented by circles, individual 2 represented by squares, individual 3 by 491 

triangles, individual 4 by stars, and individual 5 by diamonds. 492 

Figure 4.  Median DNA fragment size for all five individuals.  Liver samples represented by 493 

bottom regression line and solid dots.  Muscle samples represented by upper regression line and 494 

clear dots.  Dark gray shaded area denotes the upper half of DNA fragments in the samples and 495 

its intersection with liver and muscle regression lines indicates the critical time when 50% of 496 

DNA fragments are lost to degradation.  Horizontal black line indicates 10,000 base pair 497 

fragments, one criterion of high quality DNA. 498 

Figure 5.  Mean molecular mass profile of DNA fragments sizes for all 5 individuals.  Y axis 499 

values indicate proportion. Liver samples represented by bottom regression line, solid dots.  500 

Muscle samples represented by top regression line, unshaded dots.  Horizontal line denoted 80% 501 



DNA degradation 
 

24 
 

of total DNA (arbitrary proportion to illustrate large quantities of DNA mass) in samples and its 502 

intersection with liver and muscle slopes across time.  503 
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TABLES 504 

Table 1. —Results from Likelihood Ratio Tests examining differences among fixed 505 
effect, random intercept, and random intercept plus random slope models in their goodness of fit 506 
to DNA fragment size distribution characteristics (median, variance and molecular mass profile) 507 
for liver and muscle tissue. df = degrees of freedom, AIC = Akaike Information Criterion, and p-508 
value = probability. 509 

             510 

Dependent Likelihood 511 

variable Model df AIC ratio p-value  512 

 513 

Liver median Fixed 3 1516.70 514 

Liver median Intercept 4 1503.28 15.426 <0.001 515 

Liver median Intercept+Slope 6 1503.89 3.386 0.183 516 

 517 

 518 

Liver variance Fixed 3 2838.56 519 

Liver variance Intercept 4 2820.38 20.182 <0.001 520 

Liver variance Intercept+Slope 6 2824.08 0.296 0.863 521 

 522 

 523 

Muscle median Fixed 3 1523.34 524 

Muscle median Intercept 4 1521.63 3.711 0.054 525 

Muscle median Intercept+Slope 6 1520.05 5.578 0.062 526 

 527 

 528 

Muscle variance Fixed 3 2825.63 529 

Muscle variance Intercept 4 2823.98 3.650 0.056 530 

Muscle variance Intercept+Slope 6 2819.10 8.886 0.012 531 

 532 

 533 

Liver mol. mass     Fixed 5 -104.37 534 

Liver mol. mass Intercept 6 -177.31 74.938  <0.001 535 

Liver mol. mass Intercept+Slope 8 -176.06 2.751 0.253 536 

 537 

 538 

Muscle mol. mass Fixed 5 -656.20   539 

Muscle mol. mass Intercept 6 -710.97 56.595 <0.001 540 

Muscle mol. mass Intercept+Slope 8 -782.18 75.214 <0.001  541 

        542 
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 543 

Table 2. —Results from Linear Mixed Models examining the relationship between DNA 544 
fragments size distributional characteristics (median or variance) and time post-mortem based on 545 
tissue type. t-value = Student test value, df = degrees of freedom, and p-value = probability 546 

value. 547 

    548 

Dependent Distributional    549 

variable moment Slope t-value df p-value  550 

 551 

Liver  Median -1460.57 -9.23 69 <0.001  552 

 Variance -9060688 -6.96 69 <0.001 553 

 554 

 555 

Muscle Median -1225.68 -3.66 69 <0.001 556 

 Variance -2811150 -1.09 69 0.281 557 

        558 

  559 
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Table 3. —Results from Linear Mixed Models examining the relationship between DNA 560 
fragments size distributional characteristics based on molecular mass profile and time post-561 

mortem based on tissue type. t-value = Student test value, df = degrees of freedom, and p-value = 562 
probability value. 563 

    564 

Dependent   565 

Variable Slope t-value df p-value  566 

 567 

Liver  Time -0.047 -11.90 817 <0.001 568 

 Mol. mass profile -0.112 -22.86 817 <0.001 569 

 Time x mol. mass  0.003  6.66 817 <0.001 570 

 571 

 572 

Muscle  Time -0.027 -4.41 817 <0.001 573 

 Mol. mass profile -0.111 -33.24 817 <0.001 574 

 Time x mol. mass 0.002 4.38 817 <0.001 575 

    576 


