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Abstract

Of the approximately one million described insect species, ground beetles (Coleoptera: Carabidae) have long captivated the
attention of evolutionary biologists due to the diversity of defensive compounds they synthesize. Produced using defensive
glands in the abdomen, ground beetle chemicals represent over 250 compounds including predator-deterring formic acid, which
has evolved as a defensive strategy at least three times across Insecta. Despite being a widespread method of defense, formic acid
biosynthesis is poorly understood in insects. Previous studies have suggested that the folate cycle of one-carbon (C1) metabolism,
a pathway involved in nucleotide biosynthesis, may play a key role in defensive-grade formic acid production in ants. Here, we
report on the defensive gland transcriptome of the formic acid-producing ground beetle Harpalus pensylvanicus. The full suite of
genes involved in the folate cycle of C1 metabolism are significantly differentially expressed in the defensive glands of
H. pensylvanicus when compared to gene expression profiles in the rest of the body. We also find support for two additional
pathways potentially involved in the biosynthesis of defensive-grade formic acid, the kynurenine pathway and the methionine
salvage cycle. Additionally, we have found an array of differentially expressed genes in the secretory lobes involved in the
biosynthesis and transport of cofactors necessary for formic acid biosynthesis, as well as genes presumably involved in the
detoxification of secondary metabolites including formic acid. We also provide insight into the evolution of the predominant gene
family involved in the folate cycle (MTHFD) and suggest that high expression of folate cycle genes rather than gene duplication
and/or neofunctionalization may be more important for defensive-grade formic acid biosynthesis in H. pensylvanicus. This
provides the first evidence in Coleoptera and one of a few examples in Insecta of a primary metabolic process being co-opted
for defensive chemical biosynthesis. Our results shed light on potential mechanisms of formic acid biosynthesis in the defensive
glands of a ground beetle and provide a foundation for further studies into the evolution of formic acid-based chemical defense
strategies in insects.

Keywords Coleoptera - Formic acid - Semiochemistry - Exocrine glands - Evolution - Transcriptomics

Introduction

Arthropods are unique among animals in the diversity and
novelty of chemical defensive strategies employed (Roth
and Eisner 1962). Much work has been done over the years
to characterize arthropod chemical defense systems both
mechanistically and chemically. Functional morphologists
have demonstrated how glands secrete, store, and expel
chemicals, analytical chemists have characterized compounds
comprising various defensive secretions, and chemical ecolo-
gists have confirmed the roles of various compounds (Arndt
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et al. 2016; Attygalle et al. 2020; Eisner et al. 2006; Forsyth
1972; Rork et al. 2019; Roth and Eisner 1962; Will et al.
2000). Despite this, our understanding of the biosynthetic
and genetic mechanisms underlying chemical defense is ab-
sent for most taxa, as is a broader understanding of insect
chemical defense evolution (Briickner and Parker 2020).
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A particularly interesting group for studying the evolution
of chemical defense and the molecular mechanisms underly-
ing it are the ground beetles (Coleoptera: Carabidae).
Members of this lineage of nearly 40,000 species are incred-
ibly diverse in their defensive chemistries, with over 250 com-
pounds known across hundreds of taxa (Arndt et al. 2016;
Leci¢ et al. 2014). Among these are benzoquinones and hy-
drogen peroxide produced by bombardier beetles, hydrogen
cyanide and benzaldehyde by tiger beetles, and methacrylic
acid and salicylaldehyde by caterpillar hunters (Attygalle et al.
2020, Leci¢ et al. 2014, Moore and Wallbank 1968, Rork and
Renner 2018). Even aquatic relatives of the Carabidae, the
hydradephagans which include whirligig and predaceous div-
ing beetles, produce various sesquiterpenes,
norsesquiterpenes, aliphatic alcohols, and aldehydes
(Francke and Dettner 2005; Ivarsson et al. 1996). These com-
pounds are produced by a pair of homologous pygidial glands
situated in the abdomen of all carabid taxa, which open to the
terminal abdominal segment (Deuve 1993; Forsyth 1968,
1970, 1972). Chemicals are thought to be produced by a pair
of secretory lobes and transported out of the structures into a
long, resilin-rich collect duct (Rork et al. 2019). This
collecting duct leads into a cuticular reservoir chamber
surrounded by muscle, which upon agitation of the beetle will
contract, expelling its components out of the body via an ef-
ferent duct. The entire gland system is resistant to chemical
stress, being able to withstand 20-25% hydrogen peroxide in
some species and up to 80% formic acid in others (Rossini
et al. 1977; Schildknecht and Holoubek 1961).

One of the most common ground beetle defensive com-
pounds is formic acid, a metabolite ubiquitous across life
(Kanehisa and Murase 1977; Moore and Wallbank 1968;
Will et al. 2000). In insects, the use of formic acid for defense
has evolved at least three times independently, in Carabidae,
Formicidae (Hymenoptera), and Notodontidae (Lepidoptera)
(Attygalle et al. 1993, Hefetz and Blum 1978a, b, Will et al.
2000). Despite its importance as a chemical defensive agent,
with dozens of behavioral assays showing it to be a potent
predator deterrent, it remains unclear how insects
biosynthesize defensive-grade formic acid (DGFA) (Roth
and Eisner 1962; Will et al. 2010; Wilson and Regnier
1971). We define DGFA as formic acid, usually at concentra-
tions greater than 20%, that is produced by specialized exo-
crine glands for defensive purposes.

A number of pathways involved in formic acid biosynthe-
sis: the folate cycle of one-carbon metabolism, the kynurenine
pathway, the methionine salvage cycle, alkane biosynthesis
from fatty aldehydes, and formaldehyde oxidation (Brosnan
and Brosnan 2016; Meiser et al. 2016; Sekowska et al. 2019).
Although formic acid biosynthesis in the poison glands of
formicine ants is linked to the folate cycle of one-carbon me-
tabolism, it remains unknown if this is the only pathway for
DGFA biosynthesis in insects (Hefetz and Blum 1978a, b). As

DGFA biosynthesis is still unstudied in most formic acid-
using insect linages, we explore the potential mechanisms in
Carabidae here.

Harpalus pensylvanicus (Degeer, 1774) is an ideal mod-
el due to it being a common congener of other known formic
acid-producing ground beetles (Kanehisa and Murase
1977). We aim to confirm the presence of formic acid in this
species via gas chromatography-mass spectroscopy and
identify candidate genes that may be involved in formic acid
biosynthesis in its secretory lobes via tissue-specific tran-
scriptomics. We hypothesize that the folate cycle of one-
carbon metabolism has been independently co-opted for
DGFA biosynthesis in Carabidae. Specifically, we hypoth-
esize that genes underlying the folate cycle of C1 metabo-
lism will be significantly differentially expressed in the se-
cretory lobes of H. pensylvanicus relative to the whole
body. Alternatively, folate cycle genes may have undergone
duplication events leading to increased gene dosage and/or
neofunctionalization, or different pathways may be in-
volved in DGFA biosynthesis in this species altogether.
Otherwise, novel DGFA synthesis genes might have
evolved via gene fusion or fission, or via de novo gene
generation from non-coding DNA (Tautz and Domazet-
Loso 2011).

Materials and Methods

Beetle collection Harpalus pensylvanicus specimens were
hand collected from agricultural fields south of
Ramblewood, Pennsylvania, USA (Lat: 40.7227, Long:
—77.9302) on a weekly basis between 10 September 2017
and 07 October 2017. Individuals were transported to the lab-
oratory where they were placed in terrariums with soil from
the field site. Beetles in each terrarium were fed a diet of
hulled millet, given moistened paper towels for water, and
rocks for shelter. Paper towels were changed regularly to pre-
vent mold growth, and dead beetles were removed from the
terrariums as they were discovered.

GC-MS Analysis of Pygidial Gland Contents Two male beetles
were induced to spray their gland contents into a 2-mL
autosampler vial containing anhydrous dichloromethane
(~200 pL) by positioning the apex of the abdomen near the
opening of the vial and pinching one hind leg. Two female
beetles were induced to spray into a second vial via the same
method. The extracts were analyzed on a Shimadzu GC-17A
fitted with a 30 m x 0.25 mm capillary column coated with
ZB-WAX (0.25 pum film thickness) coupled to a QP5050
mass spectrometer. The oven temperature was held at 40 °C
for 3 min and increased at 15 °C/min to a final temperature of
240 °C and held for 3 min. Each sample (1 uL) was intro-
duced into the gas chromatograph by splitless injection.
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Pygidial Gland Dissections Twelve male and eighteen female
H. pensylvanicus specimens were induced to spray their py-
gidial gland contents by gently pinching a hind leg. This pro-
cedure is primarily done to empty the reservoirs, inducing the
beetles to begin expressing genes necessary for
biosynthesizing formic acid in order to refill them. After an
hour, individual beetles were separated at the prothoracic-
mesothoracic junction and stored in RNAlater™
Stabilization Solution at —80 °C until dissection.

Dissections were carried out using an Olympus SZX16 ste-
reomicroscope. Watch glasses were sterilized with ethanol and
subsequently cleaned with RNase Away Decontamination
Reagent®, while forceps were flamed and decontaminated with
RNase Away Decontamination Reagent® prior to dissection.
Twelve male and eighteen female beetles were dissected and
pooled into two tissue types for sequencing: (1) pygidial gland
secretory lobe tissue and (2) whole bodies minus the secretory
lobe tissue, elytra, and wings. Three biological replicates were
collected in total, four male and six female beetles per replicate.
Pooling was primarily done due to the small size of the glands,
aiding in the recovery of ample RNA for sequencing. The elytra
and wings were frozen in RNAlater™ Stabilization Solution as
vouchers (Raw sequencing data is accessible via the BioProject
ID: PRINA705215).

RNA Extractions, Library Preparation, and Illumina
Sequencing Total RNA was extracted from the beetle secre-
tory lobe cells using a modified guanidinium thiocyanate-
phenol-chloroform protocol (TRIzol®). All secretory lobe
RNA samples were purified via a Directzol RNA MicroPrep
Kit. For the whole beetle bodies without secretory lobes, a
TRIzol®/chloroform/isopropanol extraction was used to ex-
tract total RNA. Six libraries were prepared using Illumina
TruSeq (TR0O1-03) and Nextera (TR04-06) Library
Preparation Kits and were sequenced on an Illumina
NovaSeq 6000 (150 bp, paired-end) at a target depth aim of
50 M reads/library (Conehisa et al. 2016, Schurch et al. 2016).

Transcriptome Assembly and Quality Control Read quality
was assessed for all samples using FastQC (v0.11.7) and pre-
processing was done with Fastp (v0.19.4) (Chen et al. 2018).
Average quality was high across all samples with very little
variance, so we opted to quality trim by removing reads where
over 40% of all bases were of Q20 or lower rather than using a
sliding window-based approach. We also removed low com-
plexity reads and reads not meeting the minimal inclusion
length (100 bp), as well as adapter sequences, polyG, and
polyA tails. Read quality was then reassessed via the report
autogenerated by the Fastp program and separately via
FastQC.

Given that a complete genome is currently unavailable for
H. pensylvanicus, a transcriptome was assembled de novo via
Trinity RNASeq v2.8.4 (Grabherr et al. 2011; Haas et al.
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2013; Conesa et al. 2016). With the exception of read orienta-
tion being specified as “RF” and minimum contig length set to
300 bp instead of 200 bp, default settings were used for assem-
bly. This includes in silico read depth normalization which
removed reads with coverage >200. Assembly statistics were
calculated as N50 and EXN50 values. The completeness of the
transcriptome was assessed via benchmark single-copy
ortholog (BUSCO v3.0.2) searches against a database of
endopterygote sequences (endopterygota odb9, version 13
Feb. 2016) (Simao et al. 2015).

Read Alignment and Quantification A pseudoalignment-
based strategy was undertaken to quantify gene expression
levels in the H. pensylvanicus transcriptome. Kallisto
(v0.45.1) was also used to assess gene expression via its
pseudoalignment-based algorithm using default settings
(Bray et al. 2016). Note that without a reference genome,
Trinity relies solely upon the de novo assembly process for
gene classification, a process which can be prone to error,
especially when using pooled, heterozygous samples.

Coding Region Prediction and Functional Annotation Due to
the lack of a reference genome, we used an ab initio method of
coding sequence prediction from assembled transcripts, name-
ly the TransDecoder package (Haas et al. 2013). Default set-
tings were used to predict likely coding sequences and trans-
late them into corresponding amino acid sequences.

The following steps were used as part of the Trinotate an-
notation suite (Haas et al. 2013). To assess probable homology
of the assembled transcripts and their predicted peptides,
BLASTX and BLASTP (v2.6.0) were used to query the se-
quences against the UniProtKB database (release 2019 03)
(Altschul et al. 1990). HMMScan (v3.1) was also used to an-
notate domains within predicted amino acid sequences using
the Pfam-A HMM database (release 2018 08) (Eddy 1998;
Finn et al. 2011; Punta et al. 2012; Wheeler and Eddy 2013).
SignalP and TMHMM were used to predict potential coding
sequences and transmembrane helices within amino acid se-
quences respectively (Krogh et al. 2001; Petersen et al. 2011).
These data were loaded into the Trinotate boilerplate using a
script provided with the software. Further fields such as KEGG
pathway information, eggNOG annotations, Gene Ontology
(GO) term assignments, etc., were populated based on the
BLASTP and HMMScan results (Jensen et al. 2008,
Kanehisa et al. 2012, The Gene Ontology Consortium 2000).

Differential Gene Expression Analyses Kallisto quantification
results were used as inputs to our differential gene expression
analyses. Differential gene expression analyses were conduct-
ed using the run_DE _analysis.pl and analyze diff expr.pl
scripts provided as part of the Trinity package. Briefly, con-
trasts were performed between the secretory lobe tissue sam-
ples and the whole-body tissue samples. In this study, we are
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primarily concerned with those genes expressed significantly
higher in the secretory lobe tissues compared to the rest of the
body. Voom was used to log2-transform gene count data to
log-counts per million, variances were calculated for each
logCPM value, and these were transformed to quality weights
for input into limma’s linear model (Law et al. 2014; Ritchie
et al. 2015). We chose to analyze differential expression be-
tween genes rather than transcripts due to its greater power to
detect significantly DE features. Results are reported as log2-
fold change, logCPM, unadjusted p-values, and p-values ad-
justed via the Benjamini-Hochberg procedure for each quan-
tification set (Benjamini and Hochberg 1995). We decided
upon a critical value of & = 0.05 for our BH-adjusted p-values
and a log2-fold change cutoff of 2.0.

To search for genes involved in formate biosynthesis, we
used a custom AWK script to query our list of genes differ-
entially expressed in the secretory lobes relative to the whole
body. To search for differentially expressed genes involved in
the folate cycle, we searched Pfam accessions specific to
folate-cycle genes. These were PF00763.23 (THF DHG/
CYC, catalytic domain), PF02882.19 (THF DHG/CYC,
NAD(P)*-binding domain), PF01268.19 (Formate-THF li-
gase), and PF00464.19 (Serine hydroxymethyltransferase).
To search for other genes involved in formate biosynthesis,
we searched for eggNOG and GO Accessions containing the
terms “formate”, “formic”, “forma”, and “formyl” prior to a
manual search of all differentially expressed genes to identify
others potentially involved in formate metabolism.

GO Enrichment Analysis By setting the flag “—
examine GO_enrichment” in the analyze diff expr.pl script,
and by providing Trinotate-generated GO Annotations and
gene lengths a GO Enrichment analysis was automatically
conducted via GOSeq (Young et al. 2010). Reported were
enriched and depleted GO Terms for each tissue type relative
to the other. The GO terms enriched in the secretory lobes
relative to the whole body were further split into “Biological
Process”, “Molecular Function”, and “Cellular Component”
and manually analyzed. Terms descriptive of processes poten-
tially involved in defensive chemical biosynthesis and trans-
port were flagged for the purpose of summarizing long lists of
upregulated genes. False discovery rate control was done
using the Bioconductor package “qvalue” (Storey 2002).

Phylogenetic Reconstruction of Metazoan MTHFD Gene
Family The MTHFD gene family comprises the core of the
folate cycle of one-carbon metabolism, which we hypothesize
is involved in DGFA biosynthesis in H. pensylvanicus. To
examine the question of whether MTHFD gene family mem-
bers have undergone obvious duplication events, we recon-
structed the MTHFD gene phylogeny across Opisthokonta
including sequences upregulated in the secretory lobes of
H. pensylvanicus.

A custom script was used to download MTHFD gene fam-
ily members from across the Opisthokont phylogeny from
NCBI. An attempt was made to represent as many major phyla
as possible, although the scarce genetic data for many groups
meant that we could generally only obtain high-quality se-
quences for well-studied lineages. Sequences were aligned
in MAFFT (v7.455) using (Katoh and Standley 2013). For
all MTHFDI and MTHFDIL sequences, the formyl THF
synthetase domains were trimmed from the alignment leaving
only the homologous THF dehydrogenase/cyclohydrolase
catalytic and NAD(P)"-binding domains (Castresana 2000;
Talavera and Castresana 2007). These domains are common
to all MTHFD gene family members given their core function
of converting 5,10-methylene-THF to 10-formyl-THF and
vice-versa.

Phylogenetically uninformative regions were computation-
ally identified and removed via Gblocks webserver (v0.91B)
(Castresana 2000, Talavera and Castresana 2007).
Phylogenetic model selection was performed with
ModelFinder as part of the IQ-Tree package (v1.6.12), which
recovered LG + I + G4 as the best-fit model of those tested
(Kalyaanamoorthy et al. 2017; Nguyen et al. 2015). The se-
quence alignment file along with relevant model parameters
were input to IQ-TREE with 1000 ultra-fast bootstrap (BS)
replicates specified to generate branch support values. The
maximum-likelihood phylogeny with branch support values
was generated in FigTree (v1.4.4). The phylogeny was rooted
to reflect the two distinctly paralogous clades (MTHFD1-like
and MTHFD2-like) and manually annotated in Adobe
[llustrator 2020 (Haque et al. 2019).

Test of Episodic Selection Acting on Harpalus pensylvanicus
MTHFD2 Assessment of the MTHFD2 sequence of Harpalus
pensylvanicus and subsequent phylogenetic reconstruction re-
vealed a number of seemingly apomorphic features relative to
other holozoan MTHFD2. Assuming these are real features of
the sequence and not errors, we undertook a manual analysis
of an Adephaga-specific MTHFD2 protein alignment to cata-
log deviations from otherwise conserved residues in
H. pensylvanicus. To determine if such deviations are the
result of episodic positive selection acting on
H. pensylvanicus MTHFD2, we also performed a branch-
site test to formally test this hypothesis.

Harpalus pensylvanicus MTHFD2 was used as an input to a
tBLASTn search of the Transcriptome Shotgun Assembly
Sequence Database on the NCBI BLAST server (Altschul
et al. 1990). Only hits belonging to the beetle suborder
Adephaga were reported. Nucleic acid sequences were
downloaded and their coding sequences were predicted using
TransDecoder as described in Section 2.7. Where two proteins
were predicted per transcript, the shorter of the two was
discarded. Where two species in the same genus were present
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in the dataset, the sequence one with the longest ORF was
retained with one exception, Noterus clavicornis, where the
longer ORF was a likely poor annotation due to low pairwise
similarity to other sequences. A codon-aware alignment of the
remaining sixteen sequences and H. pensylvanicus MTHFD2
was carried out with MACSE (v1.02) (Ranwez et al. 2011).
An additional MACSE alignment was carried out with the
inclusion of a human MTHFD2 sequence to aid in the identi-
fication of putatively homologous sites important for enzyme
function in H. pensylvanicus. The resulting amino acid align-
ments were manually analyzed in Geneious (v11.0.5); in the
human/adephagan alignment, residues highly conserved in all
taxa except H. pensylvanicus were recorded. Gaps and the C-
terminal codons were then removed from the Adephaga-
specific alignment and a maximum-likelihood phylogeny of
the alignment reconstructed as described in Section 2.9, with
the only difference being that a codon alignment was specified
(best-fit model: KOSIO7 + F + R4). The codon alignment and
resulting phylogeny were input into aBSREL (v2.2) to per-
form a branch-site test with H. pensylvanicus selected as the
foreground (Smith et al. 2015). All other settings were left as
default.

Results

GC-MS Analysis of Defensive Chemicals In both male and fe-
male H. pensylvanicus pygidial gland sprays, we detected
formic acid, undecane, and 2-tridecanone (Fig. la,b,
Supplementary Fig. la-c). Our results are in agreement with
a wealth of literature on the pygidial gland contents of other
Harpalus spp., this being the seventeenth reported formic
acid-producer in the genus (Kanehisa and Kawazu 1982;
Kanehisa and Kawazu 1985; Kanehisa and Murase 1977;
McCullough 1966; Schildknecht 1964; Schildknecht 1961;

Schildknecht et al. 1968a, b; Schildknecht and Weis 1961).
This is also the eighth Harpalus species known to produce 2-
tridecanone (Kanehisa and Kawazu 1985). While we are not
familiar with any literature specifically identifying undecane
in the pygidial gland secretions of Harpalus species, it has
been detected in the pygidial secretions of other carabids, of-
ten accompanying formic acid (Schildknecht 1970).

Transcriptome Sequencing Statistics We generated ~300 mil-
lion total reads across six paired-end samples, totaling ~45.3
billion bp. Post-trimming, ~278 million (92.5%) of these reads
remained (~41.1 billion bp) (Supplementary Table 1). The
majority of trimmed reads failed the length filter, which was
set based on the recommendation of Trinity-RNASeq’s devel-
opers. A link to this recommendation is available in
Supplementary File 1.

Transcriptome Assembly Statistics The H. pensylvanicus tran-
scriptome was assembled into 160,301 transcripts (~165 mil-
lion bp) which were grouped into 94,288 “genes”. The contig
N50 was 1704 bp while the E9ONS50 was similar at 1838 bp
(Supplementary Table 2). Querying the H. pensylvanicus tran-
scripts against the endopterygota odb9 database revealed a
94.1% complete transcriptome (Supplementary Table 2).
Kallisto quantification results yielded pseudoalignment rates
between 58.23% and 83.03% across the six samples with an
average pseudoalignment rate of 70.43%.

Sequence Annotation In silico coding sequence prediction and
translation analysis with Transdecoder yielded 70,782 predicted
sequences from the initial transcript set. Note that while most
transcripts may have exactly one predicted coding sequence,
some proportion of transcripts may have more than one predict-
ed coding sequence (Supplementary Table 3). 36.7% of tran-
scripts received at least one BLASTX hit with an e-value <le-5

Fig. 1 a-b Gas chromatograms 2 100 3
generated via GC-MS analysis of 4 ]
the pygidial gland sprays of a o 2 a
male (a) and female (b) Harpalus £
; S o 50 ] 1
pensylvanicus specimens into S
methylene chloride. Peak 1: =
Undecane; Peak 2: Formic acid; E 1. )
Peak 3: 2-Tridecanone. All sam- 0 T T T T T
ples run on a ZB-Wax column 5.0 7.5 10.0 ) ) 12.5_ 15.0 17.5
Retention Time (min)
> 100 2 3
-'7, : b
c J
3 E
c
o 50 1
2 -
5
q’ T A
m 0 T T T T
5.0 7.5 10.0 12.5 15.0 17.5
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against the UniProtKB database, while 70.7% of predicted pep-
tides received a BLASTP hit. HMMscan searches annotated
66.6% of predicted peptides with at least one domain from
the Pfam-A HMM. GO Annotations, linked either through
BLAST or Pfam annotations, were assigned to 81.6% of pre-
dicted peptides (Supplementary Table 3).

Gene Families Involved in Formate Biosynthesis Differential
expression analyses revealed 882 upregulated genes in the
secretory lobes relative to the whole body. Among this set of
upregulated expressed genes, we found all three genes re-
quired for the folate cycle in insects: serine
hydroxymethyltransferase (SHMT), trifunctional C-1 synthe-
tase (MTHFD1), and bifunctional methylenetetrahydrofolate
dehydrogenase/cyclohydrolase (MTHFD?2) (Figs. 2, 3). One
copy of SHMT was identified in this set along with one bi-
functional methylenetetrahydrofolate dehydrogenase/
cyclohydrolase gene (MTHFD2) and three trifunctional C-1
synthetase genes (MTHFD1a-c). Alignment of MTHFD1a-c
protein sequences reveals MTHFD1b and MTHFD1c¢ to each
be likely fragments of the larger MTHFD1 gene.

We also discovered two kynurenine formamidase genes, a
component of the kynurenine pathway, which we denote here
as KFA1 and KFA2. KFA hydrolyzes N-formyl-L-kynurenine
to formate and L-kynurenine (Fig. 3, Supplementary Fig. 2).
Also differentially expressed is 1,2-dihydroxy-3-keto-5-
methylthiopentene dioxygenase of the methionine salvage path-
way, which oxidizes 1,2-dihydroxy-5-(methylsulfanyl)pent-1-
en-3-one to formate and 4-(methylsulfanyl)-2-oxobutanoate
(Fig. 3, Supplementary Fig. 3).

.

2 /i: MTHFD2
M 0T e
L-Serine ' "\

o 5,10-methylenetetrahydrofolate

SHMT | logFC = 4.2
MTHFD1 | logFC = 6.9
MTHFD2 | logFC = 8.7

Lipophilic Molecule Biosynthesis Fatty-acyl CoA reductases
(FACRs) were found to be differentially expressed in the se-
cretory lobes of H. pensylvanicus, which may function in the
biosynthesis of fatty alcohols from fatty-acyl CoA molecules
(Fig. 3b). Fatty alcohols can be subsequently converted into n-
alkanes by oxidoreductases, notably cytochrome P450s, many
of which are differentially expressed in the secretory lobes of
H. pensylvanicus. These enzymes may be involved in the
biosynthesis of undecane found in H. pensylvanicus pygidial
glands. We did not find evidence of differentially expressed
aldehyde decarbonylases known to be involved in alkane bio-
synthesis. However, we did find evidence of differentially
expressed CYP4gl15, CYP4Gs broadly being known to play
roles in cuticular hydrocarbon biosynthesis via oxidative
decarbonylase activity (Fig. 3b) (Feyereisen 2020).
Regarding the biosynthesis of methyl ketones, we find no
clear evidence of differentially expressed diketone hydrolases
or decarboxylases that could convert dicarbonyl or oxo-fatty
acids to methyl ketones respectively. Cytochrome P450s may
also be involved in this process, as they are known to be
involved in the biosynthesis of certain methyl ketones and n-
alkanes in insect pheromone blends (Qiu et al. 2012).

Transport of Molecules Associated with Formate Biosynthesis
There are multiple genes differentially expressed in the secre-
tory lobes that encode transport proteins associated with pro-
cesses putatively involved in DGFA biosynthesis. A well-
represented set of such transport proteins is the major facilita-
tor superfamily (MFS) (Quistgaard et al. 2016). Of these, we
found numerous organic cation and anion transporters,

MTHFD1

(6S)-Tetrahydrofolic acid NG 5,10-methenyltetrahydrofolate
H " L]
i NJEKN]AN ° 'l
...... | (—— -
o > M)\d . < MTHFD1

Formate

MTHFD2

10-formyltetrahydrofolate

Fig. 2 Simplified representation of a portion of the folate cycle of one-
carbon metabolism in insects. Solid arrows represent an oxidative direc-
tion of pathway flow where the primary output is formate and tetrahydro-
folate. Dashed arrows represent a reductive direction of pathway flow
where L-serine is a primary output along with tetrahydrofolate. Genes
and their respective log fold change values in Harpalus pensylvanicus
secretory lobes vs. whole body tissue are shown in the middle of the
diagram. SHMT catalyzes the reversible conversion of L-Serine or L-
Glycine and tetrahydrofolate to 5,10-methylenetetrahydrofolate.

MTHEFD?2 catalyzes the reversible dehydrogenation of 5,10-methylene-
tetrahydrofolate into 5,10-methenyltetrahydrofolate and the reversible hy-
drolysis of,10-methenyltetrahydrofolate to 10-formyltetrahydrofolate.
MTHEFDI is capable of catalyzing the same reactions as MTHFD2 as
well as the reversible generation of formate and tetrahydrofolate from
10-formyltetrahydrofolate. Not shown for simplicity are multiple cofac-
tors and shunts from the pathways that are involved in the biosynthesis of
purines, thymidylate, the regeneration of methionine, etc.
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Fig. 3 a-d Dot plots demonstrating the expression levels of genes
discussed as part of this study as log2-transformed TMM-normalized
TPM values. Each TPM value was increased by one, such that replicates
with zero TPM could be normalized. Gene names follow the naming
convention used throughout the manuscript with multiple copies/gene
family members being denoted by the lower-case subscripts “a-z”. Red

monocarboxylate transporters (MOTSs), and proton-coupled
folate transporters (PCFTs) (Fig. 3c¢). Despite the name, or-
ganic cation transporters are also capable of transporting an-
ions and zwitterions, thus making them as well as the mono-
carboxylate and anion transporters capable of transporting
formate out of the cell. The folate transporters may be
allowing for an increased uptake of folate into the cell to serve
as an input to the folate cycle once fully reduced. There are
also some monocarboxylate transporters not within the major
facilitator superfamily.

We also identified multiple amino acid transport genes,
varying in their substrate specificities. Among these are
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dots represent secretory lobe bioreplicates while blue dots represent
glandless body bioreplicates. For conciseness, not all upregulated genes
of'a particular family or functional group may be represented. A full list of
genes, their expression values, etc., are available in Supplementary
Table 4

mitochondrial glycine transporters (MGTs) and proton-
coupled amino acid transporters (PATH) which may serve
as means by which folate cycle precursors are transported into
the cell and/or further into the mitochondria (Fig. 3c).

General Detoxification and Transport We found multiple gene
families that may be involved in the breakdown and/or trans-
port of other cytotoxic metabolites out of the cell. These in-
clude uridine 5'-diphospho-glucuronosyltransferase
(UDPGT) genes differentially expressed in the secretory
lobes, which could be responsible for glucuronidation of lipo-
philic metabolites (Fig. 3d) (Mulder 1992). These
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Fig. 4 Maximum-likelihood phylogeny of the MTHFD gene family with
branch support values shown. Phylogeny was generated from a protein
alignment of the THF/DHG/CYC catalytic and NAD(P) + —binding do-
mains of MTHFD gene family members across Amorphea using
IQTREE v1.6.12. Branch support values were generated via ultrafast
bootstrap approximation (1000 replicates). Colored bars to the right of
major clades are shown for ease of navigation. The Amoebozoa-specific

glucuronidated metabolites (as well as their non-
glucuronidated forms) may be shuttled across the membrane
by membrane-bound transport proteins, such as the ATP-
binding cassette (ABC) and other transmembrane transport
proteins differentially expressed in the secretory lobes
(Fig. 3d) (Locher 2009). Transmembrane transport proteins
such as those belonging to the ATP-binding cassette family,
major facilitator superfamily, or solute carrier families are im-
portant in a variety of organisms for detoxification and general
transport processes (Locher 2009; Quistgaard et al. 2016). We
also found apolipophorins (APLPs), which may specifically
be transporting lipophilic molecules into and/or out of the
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FolD1 and FolD2 clades are represented by the dark blue and light orange
bars respectively. The Nucletmycea-specific MTD1 clade is represented
by the light blue bar. The Holozoa-specific MTHFD2 grade is represented
by the green bar and the Vertebrata-specific MTHFD2L clade by the
yellow bar. The Opisthokonta-specific MTHFD1 grade is represented
by the dark orange bar while the Vertebrata-specific MTHFDIL clade
is represented by the pink bar

cells, such as those found in the pygidial defensive fluid. In
addition, there are multiple differentially expressed
carboxylesterases (EST) that may be hydrolyzing ester,
thioester, or amide-containing metabolites generated by the
secretory lobes, as well as cytochrome P450s (CYP4) that
may be acting upon a variety of substrates, oxidizing or re-
ducing them.

GO Enrichment Our GOSeq analysis revealed 128 GO Terms
enriched in the secretory lobes, 71 “Biological Processes”, 21
“Cellular Components”, and 36 “Molecular Functions”.
Particularly interesting amongst the enriched biological
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Fig. 5 Overview of basic
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processes are a series of terms related to folate metabolism.
Specifically, these include “tetrahydrofolate interconversion”,
“tetrahydrofolate metabolic process”, “folic acid-containing
compound metabolic process”, “pteridine-containing com-
pound metabolic process”, and “one-carbon metabolic pro-
cess”. There are also enriched terms for “monocarboxylic acid
transport”, “organic acid transport”, and “carboxylic acid
transport”. Together, these enriched terms allude to the notion
that H. pensylvanicus secretory lobes are sites of one-carbon
metabolic activity that function in the transport of (mono)
carboxylic acids, such as formic acid. Although broader,
enriched terms such as “lipid biosynthetic process” and “lipid
transport” may allude to the biosynthesis and secretion of
compounds such as 2-tridecanone and undecane.

All aforementioned biological processes have analogous
molecular function. Pertaining to folate metabolism and for-
mate biosynthesis specifically are the enriched terms
“methenyltetrahydrofolate cyclohydrolase activity”, “methy-
lenetetrahydrofolate dehydrogenase (NADP+) activity”, and
“formate-tetrahydrofolate ligase activity”, which describe ev-
ery catalytic function leading from 5,10-methylenetetrahydro-
folate to the biosynthesis of formic acid and the regeneration
of tetrahydrofolate. Analogous transport functions are also
enriched, such as “organic anion transmembrane transporter
activity”, “organic acid transmembrane transporter activity”,
and “carboxylic acid transmembrane transporter activity”, and
“monocarboxylic acid transmembrane transporter activity” all
of which describe a means via which formate (an anion) may
be transported out of the secretory lobes. Indeed, it’s certainly
the case that export to or import from the extracellular region
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is important in H. pensylvanicus secretory lobes, as numerous
such terms are enriched in the cellular component category,
including “extracellular region”, “extracellular space”, “cell
surface”, and “extracellular matrix”. A full list of enriched
GO terms can be found in Supplementary Table 5.

The secretory lobes having numerous enriched GO terms
for the one-carbon metabolic process suggests that the process
is important for tissue function. In the ecological context of the
secretory lobes, we hypothesize as above this pathway to be
involved in defensive-grade formic acid biosynthesis. The
abundance of enriched GO terms for organic acid and organic
anion transport suggests that such compounds (e.g. formic
acid) are likely being secreted to the extracellular space (e.g.
the collecting duct). This tissue also has substantial lipid bio-
synthesis and transport functions, likely related both to those
compounds present in gland secretions and those used for
other cellular metabolic processes.

Phylogenetic Reconstruction of Amorphean MTHFD Gene
Family To determine the possible role that gene duplication
may have played in the evolution of formic acid biosynthesis,
we reconstructed the phylogeny of amorphean MTHFD gene
family members (Fig. 4, Supplementary Table 6). From our
phylogenetic analysis of the homologous THF/DHG/CYC
catalytic and NAD(P)"-binding domains of amoebozoan, an-
imal, and fungal MTHFD gene family members, it is evident
that an ancient duplication event in the MTHFD gene family
occurred prior to the origins of Opisthokonta (Fig. 4). The
topology of our phylogeny suggests that an ancestral copy
of the gene FolD, which contains both THF/DHG/CYC
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catalytic and NAD(P)*-binding domains, duplicated in a com-
mon ancestor of Amorphea (Amoebozoa + Holozoa +
Nucletmycea) (Fig. 4). In the Amoebozoa, both copies have
been retained, each with apparent THF/DHG/CYC catalytic
and NAD(P)*-binding activities, although this has never been
functionally validated (Fig. 4). We recover one of two FolD
proteins, here denoted as FolD1, to be sister to the THF/DHG/
CYC catalytic and NAD(P)*-binding domains of MTHFD1
and its paralogues (96% BS). The other FolD protein, FolD2,
forms a clade with MTHFD2 and its paralogues (96% BS),
although its exact placement within this clade is contentious
likely due to long branch attraction (Figs. 4, 5) (Kiike et al.
2012, Philippe et al. 2005).

MTHFD1 and its Paralogues In a common ancestor of
Opisthokonta, a FolDI-like paralogue appears to have fused
with an ancestral single-copy of formyltetrahydrofolate syn-
thetase (FTHFYS) (Fig. 5). The gene product resulting from this
fusion event is what is referred to in animal systems as
MTHEFDI. Indeed, the THF/DHG/CYC catalytic and
NAD(P)"-binding domains of MTHFDI are homologous to
those of an ancestral FolD whereas the formyltetrahydrofolate
synthetase domain of MTHFD1 is homologous to that of an
ancestral FTHFS. In a common ancestor of Vertebrata,
MTHFDI has undergone its own duplication event. One copy,
retaining the abbreviation MTHFDI, has ancestral THF/DHG/
CYC catalytic, NAD(P)*-binding, and formyltetrahydrofolate li-
gase activities. The other, MTHFDIL, has lost THF/DHG/CYC
catalytic and NAD(P)"-binding activities through the accumula-
tion of deleterious mutations and only functions as a
formyltetrahydrofolate synthetase. An independent MTHFDI
duplication event also occurred in some Saccharomycotina, like-
ly specific to the Saccharomycetaceae, both paralogues having
retained their trifunctional nature. In the fungal literature, these
genes are referred to as ADE3 and MIS1 and differ primarily in
their cellular localization (ADE3 being cytoplasmic, MIS] mito-
chondrial). These clades are both strongly supported (100% BS
each). The larger Opisthokont MTHFD1 + MTHFDIL) clade
has strong (93% BS) support as does the MTHFDIL subclade
(100% BS). Note that although we refer to most nucletmycean
copies of MTHFD1 as MTHFDIC, these are orthologous to the
holozoan MTHFDI1.

MTHFD2 and its Paralogues A FolD2-like paralogue appears
to have accumulated deleterious mutations in nucletmyceans,
rendering it incapable of performing cyclohydrolase activities.
Thus, it is referred to in the literature as monofunctional meth-
ylenetetrahydrofolate dehydrogenase (MTDI) (West et al.
1993; Wagner et al. 2005). In Holozoa, this paralogue is gen-
erally referred to as MTHFD?2 and retains both ancestral THF/
DHG/CYC catalytic and NAD(P)*-binding activities. In
Vertebrata, interestingly, this gene has also undergone its
own gene duplication event, giving rise to the paralogue

MTHFD2L. The two paralogues both retain THF/DHG/
CYC catalytic and NAD(P)*-binding activities and differ pri-
marily in their spatiotemporal expression patterns and relative
preferences for NAD' and NADP*. The (MTHFD2 +
MTHFD2L) clade has strong support (100% BS), as does
the MTHFD2L subclade (96% BS). The MTD1 clade itself
has strong support (100% BS). Its placement as sister to
FolD2, despite seemingly strong support (98% BS) is likely
a consequence of long branch attraction rather than recent
common ancestry (Fig. 4) (Kiick et al. 2012, Philippe et al.
2005). We propose that like the MTHFD1 clade, FolD2 may
be sister to an opisthokontan MTD1/MTHFD2/MTHFD2L
clade.

Harpalus pensylvanicus MTHFD Gene Family Members
Within H. pensylvanicus, we find no substantial evidence for
a lineage-specific expansion and divergence of MTHFD gene
family members. That is, H. pensylvanicus has the typical
suite of MTHFD gene family members, one probable copy
of MTHFDI and one probable copy of MTHFDZ2. However,
an expansion or lack thereof cannot be confirmed with a tran-
scriptome alone. For example, members of the MTHFDIa-c
clade may be transcripts originating from recently duplicated
genes that still share substantial sequence similarity.
Alternatively, they could be alternate transcripts from a single
locus that Trinity classified as different genes. Thus, a genome
is necessary to confidently examine the possibility of there
being multiple MTHFDI, etc., loci.

We propose this latter scenario, alternative transcripts be-
ing classified as different genes, to be more likely for
MTHFDI1. Multiple sequence alignment of the MTHFDI1a-c
peptides and coding regions show that MTHFDI1b and
MTHFDIc are fragments of a larger MTHFDI1 sequence. At
the protein level, the homologous regions of MTHFD1a and
MTHFDI1b are identical, as are the homologous regions of
MTHFDla and MTHFDIc. At the coding sequence level,
MTHFD1la and MTHFD1b share 99.8% pairwise similarity
(2428/2434) while MTHFD1a and MTHFD1c¢ share 100%
pairwise similarity. Allelic variation present in the raw reads
likely caused MTHFD1b and MTHFD1c to assemble sepa-
rately from MTHFD ] a, resulting in their classification as sep-
arate Trinity genes.

The full copy of H. pensylvanicus MTHFDI is recovered
with robust support (100% BS) as sister to its orthologue in the
termite species Zootermopsis nevadensis, the sequences hav-
ing ~71% pairwise similarity. Given that H. pensylvanicus
and Z. nevadensis are the only two arthropod species in our
phylogeny, this is not unexpected. More unusual is the place-
ment of the H. pensylvanicus MTHFD?2 as sister to the re-
mainder of the [MTHFD2 + MTHFD2L ] clade, although with
weak support (65% BS). Indeed, H. pensylvanicus and
Z. nevadensis MTHFD2 orthologues share ~53% pairwise
similarity. While it is not surprising that gene-level
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phylogenies do not necessarily correlate with species-level
phylogenies, it does raise the possibility that MTHFD2 in
H. pensylvanicus has acquired non-synonymous mutations
that makes its exact phylogenetic placement within the
MTHFD?2 grade uncertain.

H. pensylvanicus MTHFD2 Is Not under Positive Selection and
Has Few Novel Features The results of our branch-site test in
aBSREL found no evidence that the branch leading to
H. pensylvanicus MTHFD?2 is under episodic diversifying
positive selection (p= 0.35688) (Supplementary Data 1)
(Smith et al. 2015). However, there are some notable devia-
tions from otherwise evolutionarily conserved amino acid
sites in the MTHFD2 enzyme of H. pensylvanicus. Using
the coordinates in the human MTHFD2 enzyme
(NP_006627.2) as a reference, we found five sites in
H. pensylvanicus MTHFD?2 that have had an amino acid sub-
stitution relative to human and all other adephagan sequences
(Supplementary Data 1). These include Leul 14=>Metl12,
Leul92-»Val190, Thr244->Cys242, Val250->11e248, and
Thr324->Cys320 (where H. sapiens=>H. pensylvanicus). We
also noted convergence between human and H. pensylvanicus
on Val279-»Val277, a site that in all other adephagans en-
codes for isoleucine (Supplementary Data 1). Although cer-
tainly possible, we do not suggest that these novel features
have a significant bearing on enzyme function, as none have
been implicated in catalytic processes to our knowledge.

Discussion

Arthropod exocrine gland systems have evolved to serve de-
fensive purposes in a variety of taxa. The Carabidae represent
a unique case where multiple distinct chemical defense strat-
egies have evolved across the family, all utilizing a homolo-
gous gland system to produce and secrete these compounds
(Forsyth 1972; Moore and Wallbank 1968; Rork and Renner
2018). While much work has been done to characterize these
compounds over the past century, we still know little about the
biosynthesis and genetic basis for many of these compounds.
Here, we have provided evidence for the production of DGFA
in the pygidial gland system of H. pensylvanicus and discuss
possible scenarios for its biosynthesis based on our tissue-
specific transcriptomic analyses.

Similar to other species of Harpalus, we confirmed that
H. pensylvanicus produces formic acid as a primary defensive
compound in its pygidial glands (Kanehisa and Kawazu
1985). Formic acid is a common pygidial gland allomone in
the Carabidae, being found in dozens of genera in three dif-
ferent subfamilies (Harpalinae, Trechinae, and Psydrinae)
(Attygalle & Will, unpublished data, Kanehisa and Kawazu
1982, 1985, Kanehisa and Murase 1977, Moore and Wallbank
1968, Rossini et al. 1977). H. pensylvanicus also produces 2-
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tridecanone, as well as undecane, an alkane found in the
sprays of other formic acid-producing Carabidae (Kanehisa
and Kawazu 1985; Schildknecht 1970). These compounds
may play a role in enhancing the irritating effects of formic
acid by acting as an agent to penetrate the hydrophobic cuti-
cles, as is thought to be the case in other chemically defended
arthropods (Eisner et al. 1961; Peschke and Eisner 1987).
Alternatively, the polar organic constituents could serve as
solvents to deliver formic acid. There are at least four genera
in the subfamilies Harpalinae and Psydrinae that have a sim-
ilar pygidial gland composition to H. pensylvanicus (at least
formic acid + undecane +2-tridecanone), suggesting multiple
instances of convergent or parallel evolution upon a specific
chemical blend (Moore 1979).

Defensive-Grade Formic Acid Biosynthesis May Involve Three
Distinct Pathways The results of our tissue-specific RNA-Seq
experiments and subsequent differential expression analyses
suggest one to three pathways may be contributing to DGFA
production in the pygidial glands of H. pensylvanicus. All of
the genes involved in the folate cycle of one-carbon metabo-
lism in invertebrates are over-expressed in the secretory lobes
of H. pensylvanicus (Brosnan and Brosnan 2016; Meiser et al.
2016). In Drosophila melanogaster, Caenorhabditis elegans,
and others, these genes are serine hydroxymethyltransferase
(SHMT), bifunctional 5,10-methylenetetrahydrofolate
dehydrogenase/cyclohydrolase (MTHFDZ2), and trifunctional
C-1 synthetase (MTHFDI1). SHMT catalyzes the simulta-
neous conversion of L-serine to L-glycine and tetrahydrofo-
late (THF) to 5,10-methylene-THF. 5,10-methylene-THF is
subsequently converted to 5,10-methenyl-THF, which is hy-
drolyzed to 10-formyl-THF by the dehydrogenase/
cyclohydrolase domains of MTHFD1 or MTHFD2 (Fig. 2).
The ligase domain of MTHFD1 then cleaves the formyl group
from 10-formyl-THF, regenerating tetrahydrofolate and a for-
mate anion. This pathway is also reversible, capable of gen-
erating L-serine and THF from formate and THF. We also
identified two differentially expressed copies of 5-
formyltetrahydrofolate cyclo-ligase, which can generate
5,10-methenyl-THF from 5-formyl-THF, which is itself pro-
duced from 5,10-methenyl-THF via SHMT (Fig. 2). The role
of MTHES in this cycle as it pertains to DGFA biosynthesis is
unknown, but it may play a role in regulating the rate of
reaction by consuming and regenerating 5,10-methenyl-
THEF. It is intriguing that none of the genes involved in the
usual biosynthetic shunts from this pathway are differentially
expressed. Across life, a major function of the folate cycle is to
generate one-carbon units for the biosynthesis of
deoxyribonucleoside, with 10-formyl-THF being a substrate
for GAR formyltransferase and AICAR formyltransferase
(purines) and 5,10-methylene-THF being a substrate for
thymidylate synthase (thymidine) (Carreras and Santi 1995;
Fox and Stover 2008; Hartman and Buchanan 1959). We do
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not observe these or other genes involved in these pathways as
differentially expressed. This indicates that a majority of the
one-carbon units generated may be more likely to contribute
to the biosynthesis of formate anions than
deoxyribonucleosides.

The second step in the kynurenine pathway may also be
generating DGFA from N-formylkynurenine (Badawy 2017).
Only the kynurenine formamidase (KFA) genes were found to
be differentially expressed in the secretory lobes, which hydro-
lyze the amide bond of N-formylkynurenine, generating a for-
mate anion and kynurenine (Han et al. 2012; Mehler and Knox
1950). However, given that tryptophan-2,3-dioxygenase
(TDO), the preceding enzyme in the pathway, is not differen-
tially expressed, we suggest that KFA may only play a minor
role in formate production. The kynurenine pathway is rate-
limited by TDO, making it unlikely that enough N-
formylkynurenine could be generated to produce a significant
amount of formate (Kanai et al. 2009). That, and no genes
coding for downstream enzymes in the pathway were differen-
tially expressed, suggesting that there could be a build-up of
kynurenine after it is generated from kynurenine formamidase.
Also, given that tryptophan is an essential amino acid, we think
it is unlikely that H. pensylvanicus would be using large quan-
tities of a valuable metabolic resource for DGFA production.

The methionine salvage cycle, like the kynurenine path-
way, may only have a minor role in DGFA biosynthesis if
any for many of the same reasons. Only 1,2-dihydroxy-3-ke-
to-5-methylthiopentene dioxygenase, the enzyme that gener-
ates formate and 4-(methylsulfanyl)-2-oxobutanoate in the cy-
cle, was found to be differentially expressed. Rate-limiting
steps would still likely be incapable of producing enough
product for 1,2-dihydroxy-3-keto-5-methylthiopentene
dioxygenase to convert to substantial quantities of DGFA
without increased expression (Savarse et al. 1985). As with
tryptophan, given the status of methionine as an essential ami-
no acid, we do not consider it likely that H. pensylvanicus is
using large quantities of this compound for formate biosyn-
thesis even though methionine can be regenerated from ho-
mocysteine after it is used in the salvage cycle (Froese et al.
2019; Jaffe and Chrin 1979; Parkhitko et al. 2019).

We suggest that the kynurenine pathway and methionine
salvage cycle may be playing a minor role in DGFA biosyn-
thesis, where the folate cycle plays a more central role. The
differential expression of all genes central to the folate cycle
and complementary substrate transporters, the likely greater
availability of L-serine and L-glycine compared to L-
tryptophan and L-methionine, and the evidence that we have
from Formicidae DGFA biosynthesis make the folate cycle of
one-carbon metabolism a promising candidate (Hefetz and
Blum 1978a, 1978b). This is also supported by our GO en-
richment analyses, which show processes and functions di-
rectly tied to one-carbon metabolism through the folate cycle

to be enriched in the secretory lobe tissue compared to gland-
less body tissue.

Secretory Lobes Are a Hub of Secondary Metabolite
Biosynthesis & Detoxification Our differential gene expression
analyses show multiple differentially expressed genes in the
secretory lobes that are known to be involved in the chemical
modification and transport of various metabolites in other
taxa. Among these are the UDPGTs, one copy of which is
the most highly expressed gene in the secretory lobes.
UDPGTSs chemically modify what are often large, lipophilic
molecules via the addition of a glucuronic acid molecule.
These glucuronidated molecules (aka glucuronides) tend to
be more hydrophilic than their non-glucuronidated counter-
parts, allowing them to be expelled from cells via transport
proteins more efficiently (Mulder 1992). What substrates
these enzymes may be working upon is currently unknown.
Additionally, we found carboxylesterases and cytochrome
P450s that could play a role in chemically modifying cytotox-
ic byproducts of a metabolically active tissue, namely the
secretory lobes (Coppin et al. 2012; Jackson et al. 2013;
Schuler and Berenbaum 2013; Scott and Wen 2001). Some
of this chemical modification of metabolites may lead to the
biosynthesis of 2-tridecanone and undecane, although this re-
mains uncertain. The multiple ABC, MFS, and other transport
proteins found to be differentially expressed in the secretory
lobes suggest a general necessity to transport small, polar
molecules such as formate out of the cell while transporting
molecules such as folate and amino acids into the cell (Locher
2009; Quistgaard et al. 2016). This is reflected in numerous
transport-related GO terms enriched in the secretory lobes,
including the term “transport” itself, lending credence to the
notion that the folate cycle may be a fundamentally important
process in the secretory lobes due to its role in formate bio-
synthesis. Indeed, the presence of genes involved in small
molecule transport, including in the context of chemical de-
fense, has been noted in other gland-specific transcriptomes
(Briickner and Parker 2020). Future isotope tracing studies are
needed to provide evidence for involvement of the folate cycle
in DGFA biosynthesis (Attygalle et al. 2006; Attygalle et al.
2020). Although useful in linking genes to phenotypes, gene
knockdown/knockout studies may be too deleterious to be
useful in this context, given the fundamental role of these
genes in primary metabolic processes (Di Pietro et al. 2002;
MacFarlane et al. 2009).

The Evolutionary Complexity of the MTHFD Gene Family The
MTHFD gene family is rather mechanistically complex, as is
its evolutionary history, and dates back to the origin of life.
We suggest that the most recent common ancestor of
Opisthokonta had what was functionally a single copy of
MTHFDI1 and a single copy of MTHFD2.
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We recovered two distinct clades following phylogenetic
analyses of the homologous THF/DHG/CYC catalytic and
NAD(P)"-binding domains of animal and fungal MTHFD
gene family members: one specific to MTHFD2, the
paralogous MTHFD2L, and MTD1 as well as one specific
to MTHFDI and the paralogous MTHFDIL (Figs. 4, 5).
The addition of H. pensylvanicus MTHFD gene family mem-
bers into the phylogeny does not suggest any obvious gene
duplication events within this species, although confirmation
of this requires thorough investigation with a high-quality,
well-annotated genome. This is important since
transcriptomes may not accurately represent the full gene
space of an organism and do not necessarily contain enough
information to confidently distinguish between isoforms and
recently-duplicated genes. These findings, in the context of
our gene expression analyses, implies that regulation of ex-
pression rather than gene duplication and/or possible
neofunctionalization events are more important for folate cy-
cle upregulation in the secretory lobes of this ground beetle
species. This is further supported by a lack of evidence that
MTHEFD?2 of H. pensylvanicus is under episodic diversifying
positive selection. This is not necessarily surprising, given the
central role of MTHFD?2 in primary metabolism. While there
are certainly some unique features of H. pensylvanicus
MTHFD?2 compared to relatively closely related adephagans,
due to the lack of knowledge regarding the structure and func-
tion of insect MTHFD?2, few if any conclusions can be reliably
drawn as to their functional significance, especially as they
may pertain to DGFA biosynthesis (Gustafsson et al. 2017).

While the mechanisms are currently unknown in
H. pensylvanicus, we suggest either selection on duplicated
regulatory elements or tissue-specific transcription factors in-
volved in MTHFDI and MTHFD?2 upregulation (Arsovski
et al. 2015; Li and White 2003; Long et al. 2016; Smith
et al. 2013; Sonawane et al. 2017; Steuernagel et al. 2019;
Wray 2007). Unfortunately, we know little about the putative
cis-regulatory elements or their transcription factors for
MTHFDI or MTHFD? in insects. Most of what is known is
from human systems, which may or may not be applicable to
insect systems (Ben-Sahra et al. 2016; Carroll et al. 2009).
Given that MTHFD gene family members are constitutively
expressed in all body tissues of most animals, their uniquely
high expression the secretory lobes of H. pensylvanicus pro-
vides for a unique system in which the regulation of MTHFD
gene family members and the folate cycle may be studied.

Conclusions Our results suggest that DGFA biosynthesis in
the pygidial glands of H. pensylvanicus may be primarily
linked to one to three primary metabolic pathways: the folate
cycle of one-carbon metabolism, the kynurenine pathway, and
the methionine salvage cycle. We suggest that increased ex-
pression of key genes in each pathway may be contributing to
the enhanced ability of H. pensylvanicus to generate relatively

@ Springer

large, concentrated quantities of formic acid that they store
and secrete. Of these three pathways, the folate cycle is par-
ticularly promising as a candidate pathway, given that all
genes in this pathway are differentially expressed and it was
found to be the means of DGFA biosynthesis in formicine ants
(Hefetz and Blum 1978a, 1978b). These results aid in our
understanding of the evolution of insect chemical defense sys-
tems and provide evidence for a parallel evolutionary mecha-
nism of DGFA biosynthesis in two distinct insect lineages.
Future studies will focus on understanding the role of each
pathway in DGFA biosynthesis via radiolabeled precursor
injections and the expansion of this work to other formic
acid-defended ground beetle taxa.
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