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INTRODUCTION

Recent advancements in arthropod trapping methods
have greatly improved our capacity to study diverse taxa.
Techniques like Malaise traps, emergence traps, pitfall traps
(both with and without roof), and UV LED light traps have
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Abstract

Despite advancements in barcoding and metabarcoding, preserving high-quality DNA
from field-collected arthropods remains challenging. Although various fixatives and
preservatives are used for DNA recovery in Coleoptera (Carabidae) and Lepidoptera
(Noctuidae, Nolidae, Geometridae, and Tortricidae), their effects on DNA quality
across trapping methods are not fully understood. This study evaluates fixation and
preservation strategies affecting DNA integrity, focusing on pH changes before and
after tissue grinding to improve consistency. For Carabidae, Calathus fuscipes (L.)
were collected with a Malaise trap, while Platynus assimilis (Paykull) were collected via
emergence traps and pitfall traps (with and without roof), using propylene glycol as a
fixative. Preservation methods included storage in propylene glycol, 96% ethanol, or
drying, with samples kept at —20°C for 1 year. Propylene glycol samples were washed
with distilled water prior to grinding. Additional fixatives in individual trapping
included ethylene glycol, propylene glycol, ethanol, brine, ethyl acetate, vinegar, and
drying (with and without silica gel), stored at —20°C for 3 months. For Lepidoptera,
specimens were categorized by size: large—Agrostis exclamationis (L.) (Noctuidae),
medium—~Meganola strigula (Denis et Schiffermdiller) (Nolidae), Eupithecia insigniata
(HUubner) (Geometridae), and small—Pelochrista caecimaculana (Hibner) (Tortricidae).
Specimens were treated with chloroform (vapor and soaked) or cyanide vapors
and stored at room temperature for 3months. DNA quality was assessed through
fragmentation analysis and PCR amplification of COI fragments (658, 313, and 157 bp
for Coleoptera and 658, 311, and 220bp for Lepidoptera) with Sanger sequencing.
Results showed reduced DNA integrity in diluted Malaise trap samples, while distilled
water washing improved readability in emergence trap samples. Brine proved a cost-
effective preservative. For Lepidoptera, DNA preservation depended on sample size
and fixative, with small chloroform-soaked specimens yielding non-sequencable
DNA, while vapor-treated samples remained sequencable. This study offers insights
to optimize DNA yield and preservation for arthropod research.
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been refined to capture a wide variety of arthropods effi-
ciently (Devigne & Biseau, 2014; Infusino et al., 2017; Kopr
et al., 2023; Marrec et al., 2015). As these methods evolve,
the need for effective fixation and preservation protocols
becomes increasingly crucial to maintain specimens for
both morphometrical and molecular analyses (Beermann
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et al.,, 2021; Bisanti et al., 2009; Packard, 2021; Vogt, 2018).
Stabilizing specimens directly in the field, followed by
controlled storage, helps to safeguard DNA integrity for
long-term analysis (Ballare et al., 2019; Camacho-Sanchez
et al., 2013; Gotoh et al., 2014; Santos & Fernandes, 2021).

The integration of molecular tools, such as barcoding
and metabarcoding, with traditional trapping techniques
has enhanced our understanding of species interactions,
community dynamics, and ecological responses to envi-
ronmental changes (Bewick et al., 2016; Graux et al., 2024;
Hao et al., 2020; Kumar et al., 2022; Sigut et al., 2017). High-
quality genomic DNA (gDNA) is essential for downstream
applications widely used in conservation and ecologi-
cal research (Kress et al., 2015; Vargovcik et al., 2024) and
increasingly within citizen science initiatives (Chiovitti
et al., 2019; Svenningsen et al., 2021). In these contexts, ef-
fective fixation and preservation methods are critical for
taxa like Coleoptera and Lepidoptera, which play key roles
in biodiversity studies (Guo et al., 2022; Remmel et al., 2024;
Santos & Fernandes, 2021; Shokralla et al., 2014). However,
selecting an optimal preservative can be challenging, as
methods that maintain specimen morphology may not
always preserve DNA integrity—a critical factor for mo-
lecular analyses (Marquina et al., 2020; Moreau et al., 2013).
Complementary laboratory experiments using freshly
killed specimens could establish baseline DNA quality
and better isolate preservation effects from environmen-
tal degradation, enhancing future protocols (Camacho-
Sanchez et al., 2013; Dean & Ballard, 2001).

For Coleoptera, commonly used preservatives include
96% ethanol, 70% denatured ethanol, ethylene glycol, pro-
pylene glycol, saturated salt solution (brine), ethyl acetate,
simple drying, and acetic acid (Graux et al., 2024; Jurekova
et al, 2019; Kwon et al., 2022; McCravy & Willand, 2007;
Steininger et al., 2015). In contrast, preserving Lepidoptera
often involves agents like chloroform or cyanide vapors,
which help retain the morphological features essen-
tial for accurate species identification (Bibi et al., 2021;
Iserhard et al., 2013; Porto et al., 2015; Willows-Munro
& Schoeman, 2015). Each preservative presents trade-
offs; while effective for morphological or morphomet-
rical preservation, some agents may compromise DNA
quality, limiting their suitability for molecular applica-
tions (Hajibabaei et al., 2005; Moreau et al., 2013; Schield
et al., 2016). Furthermore, DNA quality can be influenced
not only by the choice of fixatives but also by collection du-
ration and transport conditions, emphasizing the need for
comprehensive preservation strategies (Camacho-Sanchez
et al., 2013; Pokluda et al., 2014).

To optimize DNA preservation, particularly for mo-
lecular applications, additional factors, such as fragmen-
tation levels, must be considered (Gossner et al., 2016;
Hofer et al., 2015; Ruppert et al,, 2023; Zizka et al., 2022).
Maintaining DNA quality involves more than just ensuring
purity and quantity; it also requires minimizing fragmenta-
tion and optimizing gDNA accessibility during Proteinase K
incubation, which is critical for efficient PCR amplification

and sequencing (Frazer et al., 2020; Knebelsberger &
Stoger, 2012).

Previous studies on Coleoptera have explored differ-
ent fixatives for DNA preservation, yielding varying results
(Bisanti et al., 2009; Ferro & Park, 2013; Reiss et al., 1995).
Propylene glycol, ethanol, and ethylene glycol are fre-
quently used for samples collected with pitfall traps (Hofer
et al,, 2015; Kwon et al., 2022; Nagy, 2010). However, while
ethanol, acetone, and ethyl acetate are effective for pre-
serving morphological features, they can disrupt protein
structures and cause DNA fragmentation, which limits
their use in protocols like ddRAD-seq (Feng et al., 2021;
Griebenow & Klibanov, 1996; Lesch et al., 2015; Reiss
etal., 1995; Téth et al., 2014). Propylene glycol and ethylene
glycol have shown greater promise for long-term DNA
preservation due to their ability to reduce DNA fragmen-
tation when compared with ethanol or Renner solution
(Bhakuni, 1998; Hofer et al., 2015; Nakamura et al., 2020).
Minimizing handling during post-fixation preservation is
also essential for preventing DNA degradation (Beermann
etal., 2021; Egonyu et al., 2021).

Research on the combination of propylene glycol as
a fixative in traps with ethanol (70% or 96%) as a preser-
vative is limited but promising (Hofer et al., 2015; Moreau
et al.,, 2013; Rubink et al., 2003). For long-term preservation
with pure propylene glycol, residuals can interfere with
PCR enzymes, potentially impacting amplification and se-
quencing quality (Ferro & Park, 2013; Patrick et al., 2016).
This issue may be mitigated by washing samples with dis-
tilled water prior to analysis (Celere & Gostoli, 2004; Dhale
et al., 2004).

Preserving Lepidoptera poses unique challenges, re-
quiring a balance between DNA and morphological
quality. UV LED traps commonly employ chloroform or cy-
anide vapors as killing-fixation agents, which work effec-
tively with dried specimens (Infusino et al., 2017; Landry &
Landry, 1994; Stutt & Willmer, 1998). The efficacy of these
agents depends largely on their ability to penetrate and
interact with cells and peptide structures, which may
vary based on specimen size and preservation conditions
(Khavani et al., 2020; Suvarna et al., 2019). Electrochemical
studies have noted impacts of these reagents on DNA qual-
ity and sequencing accuracy (Porfireva et al., 2021). Cyanide
has been shown to yield cleaner, more amplifiable DNA
compared with chloroform, making it a preferred option
in certain cases (Demeke & Jenkins, 2010; Hoy, 2003; Psifidi
et al., 2010).

External factors, including temperature, pressure,
and ionic strength, are also essential for preserving
high-molecular-weight gDNA across different taxa
(Bhakuni, 1998; Nagy, 2010; Suvarna et al., 2019). Conditions
like shaking and elevated temperatures (e.g., 37°C) may
inhibit robust amplicon formation, impacting sequencing
outcomes (Ruppert et al., 2023). Successful amplification
and Sanger sequencing of full-length DNA fragments,
especially the ~658 base pairs (bp) from the mitochon-
drial cytochrome c oxidase subunit 1 (COI) gene (Henter
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et al., 2016; Kress et al., 2015; Robinson et al., 2021), under-
score the challenge of maximizing high-molecular-weight
DNA recovery across trapping methods (Feng et al., 2021;
Pokluda et al., 2014; Téth et al., 2014). This study seeks to
address current gaps in optimal fixation and preservation
methods, with the following objectives:

1. Evaluate the impact of washing propylene glycol-fixed
samples with distilled water, and monitor pH changes
before and after sample grinding, using buffer T1
and tissue samples from Coleoptera (Carabidae) and
Lepidoptera collected through conventional trapping
methods.

2. Perform stepwise PCR amplification of COIl barcodes
targeting progressively shorter amplicon sizes, followed
by agarose gel electrophoresis to assess amplification
success. Validate the most successful full-length products
by Sanger sequencing.

3. Analyze gDNA integrity through fragmentation analysis,
informed by preliminary concentration measurements.

MATERIALS AND METHODS
Experimental design

This study systematically evaluates various trapping meth-
ods, fixation and preservation strategies for Coleoptera:
Carabidae and Lepidoptera. The approach to sample han-
dling was designed to fit the specific mode of investiga-
tion for each trapping method. Samples were collected,
identified, measured, and subsequently maintained in a
controlled environment to minimize unnecessary handling
and preserve DNA integrity. Carabidae specimens were col-
lected using Malaise traps, individual trapping, emergence
traps, and pitfall traps (with and without roofs), while
Lepidoptera specimens were trapped using UV LED light
traps. The number of replicates was adjusted according to
the specific trapping methods and standardized fixation—
preservation combinations. Hence, this study presents four
independent sub-experiments, as outlined below:

Malaise traps—propylene glycol was used as the fixa-
tion agent (without replacement, diluted by rainfall), and
70% ethanol was used for preservation. A total of eight
replicates were employed, and collections were made on
three sampling dates. Samples from this method were
stored at —20°C for 1year.

Individual trapping—eight replicates were used across
nine different preservation agents: ethylene glycol, propyl-
ene glycol, drying with and without silica gel, 96% ethanol,
70% ethanol, brine, ethyl acetate, and vinegar (industrial
acetic acid derived from potato starch). Samples were
stored at —20°C for 3 months.

Propylene glycol washing—this was applied to emer-
gence traps, pitfall traps (both with and without roofs), and
individual trapping. Four replicates were used for the wash-
ing treatment, where distilled water was applied before

the pre-lysis step for samples preserved in 100% propylene
glycol. Control samples, either dried or preserved in 96%
ethanol, were included, with eight replicates each, in total
96 samples. Samples were stored at —20°C for 1year.

UV LED light trap (Lepidoptera)—four replicates were
used for each of the three size categories. Specimens were
trapped killed, and preserved for 6h using chloroform
vapor, chloroform-soaked, or cyanide vapor fixatives, re-
sulting in a total of 36 samples categorized by size (small,
medium, and large). Samples were stored dry at room tem-
perature for 3months. Cyanide vapor served as a bench-
mark for chloroform, as it has no effect on fragment size
(Willows-Munro & Schoeman, 2015).

Sample set up and extraction

In this study, a total of 192 Coleoptera (Carabidae)
specimens and 36 Lepidoptera specimens were used.
Carabidae specimens were selected based on the most
frequently sampled species for each trapping method,
ensuring homogeneity within each sub-experiment. For
Lepidoptera, efforts were made to standardize the samples
by selecting individuals of comparable sizes across the
three size categories.

In Malaise traps, 24 specimens of Calathus fuscipes (L.)
(Coleoptera: Carabidae) were collected during a 14-day
exposure period, as specified by Kopr et al. (2023), on the
following dates: April 13-28 (14days), April 28-May 12
(28 days), and May 12-26 (42 days). Initially, 100% propylene
glycol was used as the fixation medium; however, it be-
came diluted over the 42-day period due to precipitation.
Cumulative dilution estimates indicate that the propylene
glycol concentration decreased from 100% to approxi-
mately 74.2% after the first 14days, then to 54.1% after
28days, and finally to about 33.4% after 42 days without re-
plenishment (provided in data repository). These estimates
were based on daily precipitation data, an approximate
evaporation rate of 0.5mm/day, and the structural con-
straints of the trap (dimensions: 190 % 142 X 65 mm,; total
volume: 1200 mL; fixative volume: 800 mL). This modeling
provided a stepwise estimation of concentration decline
under the local weather conditions during the study. The
trap was located in Cerova vrchovina, near the border of
southern Slovakia and northern Hungary, close to the vil-
lage of Dria (48°15'35.35” N, 20°07'15.76" E) at an elevation
of 148 ma.s.l.

In the individual trapping, 72 specimens of Platynus
assimilis (Paykull, 1790) (Coleoptera: Carabidae) were col-
lected on January 13, 2024, near the city of Usti nad Orlici
(49°59'23.4" N, 16°28'24.6" E) at an elevation of 496 ma.s.l.

In the propylene glycol washing sub-experiment, 96
specimens of P. assimilis were collected using various
trapping methods, including emergence traps, pitfall
traps (with and without roofs), and individual trapping.
During the 24-day exposure period, specimens from
all methods, except individual trapping, were fixed in
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pure propylene glycol following the protocols outlined
by Sapia et al. (2006) and Hohbein and Conway (2018).
Specimens collected one time via individual trapping
served as controls for trap type, as they were not exposed
to field conditions. After field fixation, the specimens
were sorted by trapping method and further preserved
using one of three treatments divided into thirds: (i) one-
third of the total specimens were stored in fresh propyl-
ene glycol, (ii) one-third were transferred to 96% ethanol,
and (iii) one-third were left to dry without any additional
preservative. The 96% ethanol and drying treatments
served as positive controls for preservation type. All
samples were subsequently stored at —20°C for 1year to
simulate long-term preservation. Prior to molecular anal-
ysis, a washing was performed on specimens preserved
in fresh propylene glycol. These specimens were divided
into two groups: (i) the washed group, comprising one-
sixth of the total specimens, underwent a washing pro-
cedure with distilled water, and (ii) the unwashed group,
comprising an additional one-sixth, which remained as a
control. gDNA was extracted from all samples after the
1-year storage period to evaluate the impacts of trapping
method, preservation type, and washing treatment on
DNA quality. The sub-experiment began on July 15, 2023,
in Podyji National Park, located in Southern Moravia,
Czech Republic, near the village of Lukov (48°52'26.9” N,
15°53’34.2"” E) at an elevation of 385 ma.s.l.

For the UV LED light trap (Lepidoptera), a total of 36
specimens were categorized by size: large—Agrostis ex-
clamationis (L.) (Noctuidae); medium-Meganola strigula
(Denis & Schiffermiiller, 1775) (Nolidae), Eupithecia insigni-
ata (Hubner, 1790) (Geometridae); and small-Pelochrista
caecimaculana (Hibner, 1799) (Tortricidae). Specimens
were collected on April 6, 2024, at Cerova vrchovina, along
the border between southern Slovakia and northern
Hungary, near the village of Gamersky Jablonec—Vadokas
(48°11'6.4” N, 19°59’15.4” E) at an elevation of 225ma.s.l.

The right hind femur of each specimen was carefully dis-
sected for genetic analysis using sterilized forceps, which
were cleaned between samples by washing in 96% ethanol
and wiping with a disposable towel. Femurs preserved in
the storage agent were air-dried on filter paper in a Petri
dish for 48 h before gDNA extraction. gDNA was extracted
using the NucleoSpin Tissue Kit (Macherey-Nagel GmbH
& Co. KG, Diren, Germany), following the manufactur-
er's protocol with adjustments to monitor propylene gly-
col washing sub-experiment and to measure pH before
and after the pre-lysis step (Data S1). pH was measured
using an Orion Star 3 meter with a semi-micro electrode
(8103BN; Thermo Fisher Scientific, Waltham, MA, USA). The
measurement was taken in a 1.5mL Eppendorf tube con-
taining 180 pL of buffer T1 and the femur sample (“before”
measurement). The femur was then ground with a sterile
pestle, and pH was measured again (“after” measurement).
Proteinase K (25 pL) was added to aid digestion. Between
measurements, the electrode was rinsed with distilled
water and wiped dry.

Post-extraction, gDNA was eluted in 100 pL of BE buffer
and stored at —20°C. DNA concentrations were measured
using a NanoDrop Spectrophotometer (ND-2000¢; Thermo
Fisher Scientific), yielding an average concentration of
2ng/pL of dsDNA, with BE buffer as a baseline. According
to manufacturer specifications, pure DNA generally shows
a 260/280 ratio around 1.8 and a 260/230 ratio between 2.0
and 2.2. Samples below these thresholds were further pu-
rified with the MinElute PCR Purification Kit (cat. no.: 28006;
Qiagen, Hilden, Germany), using 10 pL of gDNA to enhance
readability for fragmentation analysis (see Data S2).

PCR success and fragmentation analysis

Polymerase chain reaction (PCR) was performed using
a total reaction volume of 20 pL, which included 10pL of
hot start Combi PPP Master Mix (C210; Top-Bio, s.r.0.), 3L
ddH20, 1 pL each of forward and reverse primers, and 5 pL
of gDNA per sample. The same PCR protocol was applied
for both Coleoptera: Carabidae and Lepidoptera (Table S1).

For Coleoptera, we initially targeted amplification of the
full-length COI region (~658 bp) using primers dgLCO1490
(5'-GGT CAA CAA ATC ATA AAG AYA TYG G-3; Meyer &
Paulay, 2005) and dgHCO2198 (5'-TAA ACT TCA GGG TGA
CCA AAR AAY CA-3’; Meyer, 2003), as described by Ruppert
et al. (2023). When amplification was unsuccessful in a rep-
licate, we tested the same biological sample again with a
shorter 313-bp region, using the reverse primer dgHC02198
and forward primer mlCOlintF (5-GGW ACW GGW TGA
ACW GTW TAY CCY CC-3’; Leray et al., 2013). For samples
that still did not yield a product, a 157-bp minimalist region
was targeted using the primer pair ZBJ-ArtFic (5'-AGA TAT
TGG AACWTT ATATTT TATTTT TGG-3') and ZBJ-ArtR2c (5'-
WAC TAA TCA ATT WCC AAATCC TCC-3'; Zeale et al., 2011).

This stepwise approach was similarly followed for
Lepidoptera samples, starting with the full-length COI
region (~658bp) using dgLCO1490 and LepR (5-TAA ACT
TCT GGA TGT CCA AAA AAT CA-3’; Hajibabaei, Janzen,
et al., 2006). If unsuccessful, we then targeted a 311-bp re-
gion using LepF (5'-ATT CAA CCA ATC ATA AAG ATATTG G-
3’;Hajibabaei, Janzen, et al., 2006) and MH-MR1 (5'-CCT GTT
CCA GCT CCA TTT TC-3’; Hajibabaei, Janzen, et al., 2006).
For samples failing both attempts, a 220-bp region was
amplified with 1ib220-1 (5-TGG TAT TCC AAT TAT AGG TG-3;
Hajibabaei, Smith, et al., 2006) and LepR (see Tables S2 and
S3 for a primer overview).

Due to varying sample sizes across experiments, we
adapted our PCR approach by testing biological repli-
cates whenever an amplicon could not be obtained. PCR
success rates of full-length COl were then converted to
percentages, allowing us to account for amplification fail-
ures without introducing technical replicates. We defined
a threshold for DNA degradation: if over 75% of replicates
failed to amplify, we categorized the sample as degraded.

PCR success was evaluated on 3% agarose gels, with
Combi PPP Master Mix used for gel-ready reactions.
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Successful replicates were selected for cross-validation via
Sanger sequencing to provide a comprehensive view of PCR
outcomes. For Coleoptera, the best-looking positive prod-
uct (full-length COI) from each preservative replicate was
sequenced, while for Lepidoptera, all positive PCR prod-
ucts from each size and fixative replicate were sequenced.
Sequencing was performed on an ABI 3500 Genetic
Analyzer at the Faculty of Agri Sciences, Department of
Animal Morphology, Physiology, and Genetics (Brno, Czech
Republic).

Furtheranalysis was conducted using the 5200 Fragment
Analyzer System (Agilent Technologies) with the DNF-468-
33-HS Genomic DNA 50-kb Kit (Agilent Technologies).
Average fragment sizes were calculated with the PROSize
v.5.0.1.6 software (Agilent Technologies). DNA fragments
above the high-molecular-weight threshold (>50000bp)
were not further subdivided. As with PCR, we did not in-
clude technical replicates in fragment analysis. For samples
yielding no measurable results, we referenced NanoDrop
data to confirm low or undetectable concentrations, where
relevant. Fragment analysis was performed by the Institute
of Molecular Genetics of the CAS, Laboratory of Genomics
and Bioinformatics, Prague, Czech Republic.

Statistical analysis

All statistical analyses were performed in the Renvironment
(v.4.3.2; R Development Core Team, 2023) with a
significance threshold of #=0.05. These analyses evaluated
the effects of different trapping methods, fixation, and
preservation strategies on the average DNA fragment size
(bp) in Coleoptera (Carabidae) and Lepidoptera samples.
This multi-step approach ensured that the chosen model
accurately reflected the data characteristics and supported
meaningful analysis of the effects across all experimental
factors.

To determine the most appropriate family for the gen-
eralized linear model (GLM), we initially assessed the skew-
ness and kurtosis of the raw average fragment size data
using the moments package (Komsta, 2022). Following rec-
ommendations from Bullard et al. (2010), we aimed to cap-
ture the distribution's asymmetry in the model selection
process. For symmetric data (skewness between —0.5 and
+0.5), a Gaussian distribution with log-normal transforma-
tion was applied. For data with high right-skewness (skew-
ness >+1), a Gamma distribution with a log link function
was chosen, aligning with approaches outlined by Hooper
et al. (2010), Monich et al. (2014) and Alfahad et al. (2023).
If left-skewed data had been encountered (skewness <—1),
we would have explored generalized additive models
(GAMs) with log-normal transformation, as suggested by
Wood (2020), to flexibly accommodate any non-linearity in
the data distribution.

Outliers were then identified based on standardized
residuals exceeding an absolute value of 2 and a Cook's
distance threshold calculated as 4 divided by the number

of observations. Observations meeting both criteria were
excluded to refine the dataset, improve model accuracy,
and enhance the fit.

In the next step, the finalized GLM model incorporated
pH (calculated as pH, ¢,,.—PH,.,) as a covariate to control
for its potential influence on the response variable. This
model was fitted using the “gIm()” function, allowing for
robust interpretation of results. To confirm the relevance of
including pH, we conducted an Analysis of Deviance with
a Chi-square test to compare models with and without the
pH covariate, which indicated whether the addition of pH
significantly improved the model fit.

We further applied the Breusch-Pagan test using the
Imtest package to assess heteroscedasticity (Zeileis &
Hothorn, 2002). If heteroscedasticity was detected, we ad-
justed for it by calculating heteroscedasticity-consistent
standard errors using the “coeftest()” function. Finally,
model residuals were tested for normality with the Shapiro-
Wilk test. If non-normality was found, bootstrapping was
conducted with 1000 resamples using the boot package to
provide bias-corrected estimates and strengthen the ro-
bustness of our inference (Canty & Ripley, 2024).

For the individual trapping method using nine preser-
vative agents, as well as for Lepidoptera samples collected
in UV LED light traps and fixed with chloroform or cyanide,
we performed pairwise contrasts. These comparisons were
conducted using the emmeans package with Dunnett's ad-
justment “dunnettx” for preservative agents and Tukey's
adjustment “tukey” for Lepidoptera samples. All data and
model result visualizations were generated using the gg-
plot2 package (Wickham, 2016). In each graph, a dashed line
represents the barcode library threshold, set at 10000 bp. A
minimum average fragment size of 10kb is generally con-
sidered sufficient to produce high-quality DNA barcodes
for accurate species identification and subsequent genetic
analyses (Johnson et al., 2023).

RESULTS

Mitochondrial cytochrome c oxidase subunit
1 amplification with different primer pairs

The success rate of amplifying the full-length COI region
varied by exposure time, preservation agents, trapping
methods, and fixatives. Amplification success was defined
as the probability of obtaining a full-length amplicon
across biological replicates. A success threshold of 75% was
set for each sub-experiment, achieving success in three out
of four or six out of eight replicates.

In the Malaise trap sub-experiment, the first exposure
time, conducted after a 14 days, achieved a 100% amplifica-
tion success rate for the 658-bp fragment (Figure S1). After
28days without a change in the fixation agent, the success
rate dropped to 63%, with amplicon sizes reduced to 313 bp
in five out of eight samples (Figure S2). By the third exposure
time, after 42 days, no samples produced successful results,
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and all fragment sizes had dropped to 313bp (Figure S2).
Sanger sequencing confirmed the expected sequences for
each selected top-quality product based on gel results from
the first and second intervals, despite the second falling
below the 75% threshold (Figure S1).

In the individual trapping experiment, nine different
preservation agents were tested, with seven achieving
or exceeding the 75% amplification success threshold
(Figure S3). Ethyl acetate and vinegar showed lower suc-
cess rates, at 38% and 25%, respectively, and did not yield
any sequenceable products. Of the samples preserved in
ethyl acetate, five out of eight produced 313-bp fragments,
while vinegar-preserved samples yielded 313-bp frag-
ments in five out of eight samples and a 157-bp fragment
in one sample (Figure S2).

In the propylene glycol washing sub-experiment, wash-
ing with distilled water enhanced amplification success for
samples collected from emergence traps, individual traps,
and pitfall trap without roof, compared with unwashed
samples (Figure S4). Full-length COI from washed speci-
mens collected in emergence and individual traps was suc-
cessfully sequenced. However, amplification from pitfall
trap samples, regardless of roof presence, remained incon-
sistent, with fragment sizes reduced to 313 bp (Figure S2).

In the Lepidoptera UV light-trapping sub-experiment,
fixation using chloroform vapors, chloroform-soaked, and
cyanide vapors achieved amplification success rates above
the 75% threshold, though some limitations were noted
(Figure S5). Specifically, in the small size category (Plutella
xylostella), samples fixed by chloroform soaking were not
sequenceable, despite achieving a 100% amplification
success rate. In the medium size category (Eupithecia insig-
niata), samples fixed with cyanide failed to amplify, likely
due to primer incompatibility. Multiple primer pair com-
binations were tested (Table S3), but none produced suc-
cessful amplification, with readable amplicon size limited
to 220 bp (Figure S6).

Average fragment size

To evaluate the effects of various factors on DNA integrity,
measured as average fragment size, we conducted GLM
analyses on the log-transformed fragment sizes using a
Gaussian distribution for optimal fit.

For the fitted model, an analysis of deviance was con-
ducted on the Malaise trap samples, comparing a base-
line model with exposure time as the predictor to an
extended model that included both exposure time and
pH (Figure S7). The addition of pH reduced the residual
deviance from 24.833 (20 degrees of freedom) to 16.703
(19 degrees of freedom), representing a statistically signif-
icant improvement to the model's explanatory power (/>
test=30.175, df=1, p <0.01). Consequently, both exposure
time and pH were retained in the final model, supporting
precipitation-related dilution that influences average frag-
ment size (Figure 1).

20000 1
15000 1

10000 1

1000 1

Average fragment size (bp)

1001

14 28 42
Exposure time in field (days)

FIGURE 1 Average fragment size from the Malaise trap samples
initially fixed with pure propylene glycol and progressively diluted by
rainfall over the exposure time period. Samples were preserved in 70%
ethanol for 1year at —20°C. The dashed line represents the barcode
library threshold, and the gray bands around the trend line denote the
95% confidence interval. A significant difference was detected based on
model fit (5 test: P<0.05). The y-axis is shown on a logarithmic scale.

For individual trapping, to evaluate the fitted model,
we conducted non-parametric bootstrapping and
heteroscedasticity-consistent (HC1) standard errors to
address residual non-normality and heteroscedasticity
(Figure S8). The bootstrapped standard errors were con-
sistent with the original estimates, indicating minimal bias
and confirming the robustness of our model. An analysis of
deviance comparing models with and without pH showed
a modest improvement in fit with pH included (p=0.07)
(Figure S8). Pairwise comparisons of preservation efficacy
across nine preservation agents were conducted using es-
timated marginal means (EMMs) from the GLM, adjusted
with a Dunnett-type correction (Figure S9). The results in-
dicated that 70% ethanol, ethyl acetate, and vinegar sig-
nificantly reduced fragment preservation compared with
ethylene glycol, with 70% ethanol showing a markedly
lower DNA yield, while ethyl acetate and vinegar exhibited
the greatest reductions. Other fixation methods, including
96% ethanol, brine, drying with silica gel, drying without
silica gel, and propylene glycol, showed no significant dif-
ferences from ethylene glycol, suggesting comparable ef-
fectiveness in preserving fragments (Figure 2).

For the propylene glycol washing sub-experiment, inter-
actions among trapping method, preservation agents, and
washing were evaluated as follows (Figure 3): (i) the inter-
action between trapping method and preservation agents
showed that adding pH to the model slightly reduced re-
sidual deviance, though this reduction was not significant
(p=0.77), suggesting a limited role for pH in explaining
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FIGURE 2 Average fragment size from the individual trapping sub-experiment using nine different preservation agents, arranged in descending
order of effectiveness in maintaining larger fragments. Samples were stored for 3months at —20°C. The dashed line represents the barcode library
threshold. Boxplot details: The top and bottom of each box represent the third and first quartiles, the line within indicates the median, whiskers
extend to 1.5x the interquartile range. The dots represent individual data points. Different letters indicate significant differences from the baseline
treatment (ethylene glycol), based on pairwise comparisons (p <0.05). The y-axis is shown on a logarithmic scale.

average fragment variability (Figure S10). Positive associa-
tions were noted for pitfall trap with roof combined with
either dried or propylene glycol preservation, indicating
potential improvement in preservation compared with
the emergence trap baseline. Overall, however, the pitfall
trap with and without roof had negative associations with
fragment size, which showed worse integrity compared
with the emergence trap. (ii) For the interaction of preser-
vation agents and washing, HC1 standard errors confirmed
a positive association for dried samples (Estimate=2.022,
SE=0.682, p<0.01), while pH showed a potential, though
not significant, effect (p=0.073). Washing alone showed
no impact among four trapping methods. (iii) In the inter-
action of trapping method and washing, the pitfall trap
with roof and dried preservation was negatively associated
with fragment size (Estimate=-7.425, SE=1.188, p<0.01),

indicating reduced effectiveness compared with the emer-
gence trap washing (Figure S11). In contrast, individual
collection without washing (Estimate=3.300, SE=1.336,
p<0.01) and pitfall trap without roof and without washing
(Estimate=4.109, SE=1.464, p<0.01) were positively asso-
ciated with fragment size. The main effect of pH remained
non-significant (Estimate=-1.154, SE=2.067, p=0.58), indi-
cating limited impact.

In the Lepidoptera UV light-trapping sub-experiment,
model inclusion of pH to some extent improved fit
(p=0.045), suggesting that pH may contribute to ex-
plaining variations in average fragment size across fixa-
tion agents and sizes (Figure S12). Significant interactions
were found, particularly for smaller samples, where fix-
ation method had a pronounced effect on DNA fixation.
Pairwise contrasts indicated that cyanide was significantly
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FIGURE 3 Average fragment size from four trapping methods comparing samples preserved in propylene glycol (with and without distilled
water washing), alongside controls stored in 96% ethanol and dried without silica gel. Samples were stored at —20°C for 1year. The dashed line
represents the barcode library threshold. Boxplot details: The top and bottom of each box represent the third and first quartiles, the line within
indicates the median, whiskers extend to 1.5x the interquartile range, and dots denote outliers. Significant differences between treatments are
indicated by different letters (pairwise contrasts: P <0.05). The y-axis is shown on a logarithmic scale.

more effective in preserving DNA fragments than both
chloroform-soaked and chloroform vapors for the small
category (p<0.01 for both comparisons). No significant
differences were detected between large and medium size
categories, suggesting that the preservation effectiveness
of cyanide diminishes with larger sizes (Figure 4).

DISCUSSION

Genetic tools, such as metabarcoding, are becoming
increasingly valuable in ecological research, where

they significantly expedite species identification (Kress
et al., 2015; Remmel et al., 2024; Shokralla et al., 2014) and
enable detailed investigations of population dynamics in
tandem with morphometric analyses (Tatsuta et al., 2017)
and citizen science initiatives (Chiovitti et al., 2019; Steininger
et al,, 2015; Svenningsen et al., 2021). Trapping methods,
including Malaise traps, emergence traps, various forms
of pitfall traps (both with and without roof), and UV LED
light traps, have proven effective for collecting a broad
spectrum of Coleoptera and Lepidoptera species (Devigne
& Biseau, 2014; Infusino et al., 2017; Skvarla et al., 2021).
Despite the varied methodologies employed by these
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FIGURE 4 Average fragment size from Lepidoptera UV light-trapping samples, comparing three size categories (large, medium, and small) across
three fixation agents (cyanide, chloroform-soaked, and chloroform vapors). Samples were stored at room temperature for 3 months. The dashed

line represents the barcode library threshold. Boxplot details: The top and bottom of each box represent the third and first quartiles, the line within
indicates the median, whiskers extend to 1.5% the interquartile range, and dots denote outliers. Significant differences between treatments are
indicated by different letters (pairwise contrasts: P <0.05). The y-axis is shown on a logarithmic scale.

traps, practical guidelines for specimen preservation remain
insufficient, particularly regarding protocols that ensure the
reliability of both morphological and genetic assessments
(Martoni et al., 2021; Nagy, 2010; Steininger et al., 2015; Vink
et al., 2005). Although various fixatives and preservatives
have been employed for the barcoding or metabarcoding
of Coleoptera and Lepidoptera (Gossner et al., 2016;
Pokluda et al., 2014; Steininger et al., 2015), a comprehensive
comparison of these trapping methods, including the
impact of preservation factors like pH, DNA fragmentation,
and PCR success, has yet to be undertaken.

Impact of trapping, pH, and preservation on
DNA integrity and PCR success

Each trapping method and fixation—preservation
combination influences DNA quality, as indicated by
PCR success and average fragment sizes. For Coleoptera
(Carabidae), gradual dilution of fixative affected Malaise
trap samples, which led to notable reductions in both
PCR success and DNA fragmentation over exposure time,
ultimately lowering DNA yield (Arbeli & Fuentes, 2007;
Ballare et al., 2019). The degradation is further enhanced
by acid hydrolysis, which increased the observed pH
changes in the pre-lysis step (Gossner et al., 2016; Strickler
etal., 2015; Tsuji et al., 2017). While this study focuses on the

mitochondrial COI gene, we acknowledge that nuclear and
ribosomal RNA genes, which degrade at different rates due
to their distinct cellular structures, could provide valuable
complementary insights (see Bloch et al., 2023). Future
research adopting a multi-gene approach could further
explore these differences (Foran, 2006).

In the individual trapping sub-experiment, preserva-
tion agents showed varying levels of success in maintain-
ing DNA integrity. Ethylene glycol, propylene glycol, 96%
ethanol, brine, and drying with and without silica gel ef-
fectively preserved high-quality DNA over a 3-month
period at —20°C, making them suitable for molecular
analysis (Dawson et al., 1998; Hofer et al., 2015; Martoni
et al,, 2021). Both ethylene glycol and propylene glycol
are valuable for preserving DNA as well as specimen mor-
phology (Kwon et al., 2022; Patrick et al., 2016; Steininger
et al,, 2015). However, ethylene glycol poses health risks,
primarily renal toxicity and metabolic acidosis (Brent, 2012;
Corley & McMartin, 2005), which restrict its use (Gossner
et al., 2016). For the sole purpose of DNA preservation,
96% ethanol is an effective but costly option, making
brine a more economical alternative (Marquina et al., 2020;
McCravy & Willand, 2007; Seutin et al., 1991). The high salt
concentration in brine can inhibit nuclease activity over
short periods, helping to reduce DNA degradation (De
Vos et al.,, 2021; Gajardo & Beardmore, 2012). Conversely,
ethyl acetate and vinegar resulted in smaller, fragmented
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amplicons, likely due to lower pH caused by acid hydro-
lysis (An et al., 2014; Liu et al., 2014). The volatility of 70%
ethanol on PCR success and fragment size may stem from
evaporation and partial DNA dehydration, causing incon-
sistent preservation quality (Ladell et al., 2019; Nakahama
et al., 2019; Nakamura et al., 2020; Robinson et al., 2021).

Propylene glycol combined with a distilled water wash in
emergence and individual trapping enabled the extraction
of large DNA fragments and improved PCR success com-
pared with unwashed samples (Ascencio et al., 2016; Dhale
et al., 2004; Ferro & Park, 2013). In contrast, while washing
enhanced fragmentreadability in pitfall traps without roofs,
it did not result in successful PCR amplification, indicating
that the effectiveness of distilled water washing is depen-
dent on the trapping method (Hofer et al., 2015; Nakamura
et al,, 2020; Pokluda et al., 2014). Undiluted propylene gly-
col was more effective at preserving large DNA fragments
by encapsulating the tissue, which allowed effective re-
moval of excess preservative during washing (Butterwort
et al., 2022; Montgomery et al., 2021; Murthy et al., 2022).
Additionally, pH did not appear to influence DNA integ-
rity in propylene glycol-preserved samples, suggesting
that acid hydrolysis was not a factor (Moreau et al., 2013;
Nakahama et al., 2019; Vink et al., 2005); however, DNA
degradation due to exonuclease activity caused by higher
summer temperatures was observed (Bauer et al., 2012;
Peng et al., 2018; Ruppert et al., 2023). Laboratory controls
with freshly killed specimens could help isolate preserva-
tion effects from environmental degradation, providing
baseline DNA quality and refining preservation protocols
over longer storage periods (Camacho-Sanchez et al., 2013;
Robinson et al., 2021; Ruppert et al., 2023).

For Lepidoptera, although amplification was successful
in both chloroform vapor and chloroform-soaked samples,
fragmentation analysis and pH stability indicated that cy-
anide vapors generally provided superior preservation,
particularly for small-sized samples (Dean & Ballard, 2001;
Willows-Munro & Schoeman, 2015; Xu et al., 2020). Although
amplification was successful in chloroform-soaked sam-
ples, sequencing was inhibited, probably due to the
interaction of chloroform with cells and peptide struc-
tures, which may hinder downstream processing (Almira
et al.,, 2003; Khavani et al.,, 2020; Porfireva et al., 2021;
Suvarna et al, 2019). However, our inability to amplify
medium-sized cyanide-preserved samples requires careful
primer selection (Willows-Munro & Schoeman, 2015).

Consequences for arthropod trapping
methods in barcoding studies

Effective DNA preservation requires trapping and
preservation strategies tailored to specific applications,
as no single method universally meets all criteria (Kress
et al.,, 2015; Moreau et al., 2013; Remmel et al., 2024).
This study demonstrates that trapping methods and
preservation agents influence DNA integrity, impacting

PCR success and sequencing reliability in Coleoptera
(Carabidae) and Lepidoptera (Graux et al., 2024; Shokralla
et al., 2014; Vink et al., 2005).

Malaise trap: Diluted fixative led to DNA degradation
in Coleoptera, highlighting the need for adequate fixa-
tive concentrations to maintain DNA integrity during pro-
longed field exposure (Camacho-Sanchez et al., 2013; Dean
& Ballard, 2001; Martoni et al., 2021; Skvarla et al., 2021;
Thomas, 2008). Regular fixative replenishment, such
as using pure propylene glycol every 14days, is recom-
mended (Ballare et al., 2019; Nagy, 2010).

Emergence trap: Propylene glycol effectively pre-
served high-quality DNA in Coleoptera over 24 days (Hofer
et al,, 2015; Nakamura et al., 2020). Washing with distilled
water further improved DNA extraction success, support-
ing its use in genetic and morphometric studies (Martoni
et al., 2021).

Pitfall traps: Propylene glycol used in pitfall traps, both
with and without roof, showed poor barcoding results
after 24 days of field exposure, even when washed with dis-
tilled water. This outcome highlights challenges in preserv-
ing DNA quality during extended field exposure (Ballare
et al., 2019; Jurekova et al., 2019; Ruppert et al., 2023). As a
result, these traps are better suited for biodiversity assess-
ments than for molecular applications (Graux et al., 2024;
Montgomery et al., 2021).

Individual trapping: Over a shorter 3-month period,
pure propylene glycol effectively preserved DNA integ-
rity, with no residual inhibition of enzymatic reactions ob-
served, confirming its suitability (Ferro & Park, 2013; Patrick
et al., 2016). Brine also emerged as a cost-effective alterna-
tive for scenarios where DNA quality is critical (McCravy &
Willand, 2007; Seutin et al., 1991).

UV light-trapping for Lepidoptera: Fixation method and
specimen size strongly influenced DNA quality. Cyanide
vapor was more effective than chloroform soaking, partic-
ularly for smaller specimens (Khavani et al., 2020; Willows-
Munro & Schoeman, 2015; Xu et al., 2020).

Ultimately, our findings underscore that effective DNA
preservation for barcoding applications requires careful
consideration of environmental conditions, limits of fix-
atives and preservatives, and arthropod size (Beermann
et al., 2021; Gossner et al., 2016; Kumar et al., 2022; Peng
et al., 2018; Strickler et al., 2015). Accounting for these fac-
tors can improve PCR success and sequencing reliability,
advancing molecular study precision and biodiversity un-
derstanding for ecological efforts.
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Data S1. DNA extraction protocol for Macherey-Nagel
NucleoSpin Tissue Kit—adjustments for propylene glycol
washing and pH monitoring.

Data S2. Revised protocol for purification of 10puL of
gDNA using the Quick-Start Protocol of the MinElute PCR
Purification Kit.

Table S1. PCR protocol for mitochondrial cytochrome ¢
oxidase subunit 1 (COI) amplification with Coleoptera and
Lepidoptera DNA.

Table S2. List of primers used for PCR amplification of a
658bp, 313bp and 157bp mitochondrial cytochrome c
oxidase subunit 1 (COl) amplicon of Coleoptera: Carabidae.
Table S3. List of primers used for PCR amplification of a
658bp, 311bp and 220bp mitochondrial cytochrome c
oxidase subunit 1 (COI) amplicon of Lepidoptera.

Figure S1. PCR success rate of full-length mitochondrial
cytochrome ¢ oxidase subunit 1 (COI) amplicon (658 bp)
in the Malaise trap sub-experiment over three 14-day
intervals (14, 28, and 42 days), using pure propylene glycol
as the initial fixative.
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DNA INTEGRITY IN INSECT TRAPPING AND PRESERVATION

Figure S2. Step-wise PCR success rates for mitochondrial
cytochrome c oxidase subunit 1 (COIl) in Coleoptera:
Carabidae across four sub-experiments, using various
preservation agents covered as biological replicates.
Figure S3. PCR success rate of full-length mitochondrial
cytochrome c oxidase subunit 1 (COI) amplicon (658 bp)
in the individual trapping sub-experiment across nine
different preservation agents.

Figure S4. PCR success rate of full-length mitochondrial
cytochrome c oxidase subunit 1 (COI) amplicon (658 bp) in
the propylene glycol sub-experiment across four different
trapping methods.

Figure S5. PCR success rate of the full-length mitochondrial
cytochrome c oxidase subunit 1 (COIl) amplicon (~658 bp)
in the UV light-trapping sub-experiment, using chloroform
vapor, chloroform soaking, and cyanide vapor as
preservation agents.

Figure S6. Step-wise PCR success rates for mitochondrial
cytochrome c oxidase subunit 1 (COIl) amplification in
Lepidoptera across the UV light-trapping sub-experiment,
using chloroform vapor, chloroform-soaked, and cyanide
vapor as fixation agents.

Figure S7. Model fit summary for the Malaise trap sub-
experiment, showing the effects of exposure time and pH on
average fragment size in Coleoptera: Carabidae. Model quality
of the Generalized Linear Model (GLM) is assessed by the
Akaike Information Criterion (AIC) and dispersion parameter.

Figure S8. Model fit summary for the individual trapping
sub-experiment, showing the effects of nine preservation
agents and pH on the average fragment size in Coleoptera:
Carabidae.

Figure S9. Pairwise contrasts of DNA preservation efficacy
across nine preservation agents, using ethylene glycol as
the control.

Figure S10. Model fit summary for the propylene glycol
washing sub-experiment, evaluating the interaction
between trapping method and preservation agents in
Coleoptera: Carabidae.

Figure S11. Model fit summary for the propylene glycol
washing sub-experiment, evaluating the interaction between
trapping method and washing in Coleoptera: Carabidae.
Figure S12. Model fit summary for Lepidoptera UV-light
trapping, evaluating the interaction between fixation and
size.
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