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ABSTRACT

Plant defensins (PDFs) are cysteine-rich antimicrobial peptides (AMPs) that are important components of plant immunity. They
occur constitutively in various plant tissues but are also upregulated upon stress. Therefore, these molecules are of great interest
as markers for the diagnosis of early forest stress response in plants at the molecular level. PDFs are small peptides (~5kDa) with
a compact tertiary structure, requiring specific protocols and dedicated antibodies for detection by quantitative ELISA. We devel-
oped monoclonal recombinant antibodies using phage display in solution against the correctly folded antigen defensin FsPDF2
from beech (Fagus sylvatica) and analysed the antibody-antigen interaction in silico with AlphaFold 3. In a proof-of-principle
study, we investigated the FSPDF2 stress response to abiotic (drought) and biotic (gall midge) stresses. Notably, we established an
assay for defensin quantification in crude plant extract, detecting for the first time natively folded proteins in a specific sandwich
ELISA. Our antibody generation strategy can be transferred by practitioners to other small antimicrobial peptides (AMP), paving

the way to study this group of proteins and their corresponding stress response comprehensively.
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1 | Introduction

Plants have to cope with a wide range of abiotic and biotic stress-
ors in their environment, such as drought, flooding, herbivory
and pathogens. As sessile organisms, plants cannot escape from
stress exposure, but rather must develop a more effective im-
mune system. Forest ecosystems are especially suffering from
global climate change, triggering an increasing frequency,
duration and intensity of extreme weather events (Dyderski
et al. 2018) that also enhance the virulence of (invasive) plant
pathogens (Stenlid and Oliva 2016).

Antimicrobial peptides (AMPs) are important components of
the eukaryotic innate immune system toolbox. In plants, AMPs
induce resistance to pathogens and tolerance to abiotic stresses
(dos Santos-Silva et al. 2020). Due to their antimicrobial and im-
munomodulatory activities against infectious bacteria (Gram-
positive and Gram-negative), AMPs have received increasing
interest as potential agents for developing drugs against human
pathogens in recent years (Lazzaro et al. 2020; Srivastava
et al. 2021). Plant defensins (PDF) are essential members within
the large group of AMPs; they were first described in wheat and
barley seedlings (Méndez et al. 1996). At 48-54 amino acids,
these proteins have a relatively low molecular weight (5kDa)
with a tertiary structure defined by an a-helix and three anti-
parallel -sheets. Four disulfide bonds that form a CSaf motif
stabilize the structure (De Coninck et al. 2013). Defensins
also possess a y-core motif GXC(X3-9)C, which is conserved
in disulfide-containing peptides and leads to a stable globular
structure (Yount and Yeaman 2004).

Many PDFs with multiple modes of action against different
stressors have been identified throughout the plant kingdom
(van der Weerden and Anderson 2013). In Arabidopsis thaliana,
15 PDFs and 320 defensin-like peptides have been described
Arputharaj (2017). Their primary amino acid sequence can vary
widely. However, the CSaf3 motif in the secondary structure and
the four cysteine bridges in the tertiary structure are highly con-
served domains. PDFs and defensin-like peptides mainly occur
in the apoplastic space of all plant organs such as leaves, roots,
wood, flowers and seeds as well as in almost all tissues including
xylem, bark, stamens, pollen and leaf stomata or parenchyma
(de Oliveira Carvalho and Moreira Gomes 2012).

The best-known function of PDFs is their antifungal activity
(Lacerda et al. 2014). Positively charged PDFs can bind to neg-
atively charged fungal phospholipids on cell surfaces (Jarva
et al. 2017). According to the lipid/defensin complex model
(Brogden 2005), PDFs integrate into pathogen membranes, form
pore complexes and destroy membrane integrity. It is also as-
sumed that some PDFs can intervene in transcriptional regula-
tion. The PDF PsD1 from pea is thought to enter the fungal cell
nucleus and interact with proteins involved in cell cycle control
(Lobo et al. 2007). PDF VVAMP1 from Vitis vinifera strongly
impairs fungal hyphae elongation (De Beer and Vivier 2011).
Biological activities of PDF against herbivores include blocking
of Ca?* channels in vertebrates (Spelbrink et al. 2004) and inhib-
iting a-amylase activity in insects (Parisi et al. 2019).

In addition to the biotic defence mechanisms, PDFs are known
to be involved in plant response to abiotic stresses such as

drought (e.g., Dhn8 from Glycine max), low temperatures (Tadl
from Triticum aestivum), high soil salinity (various defensins
from Tabacum; Lay and Anderson 2005), SO, exposure PDF1.2
of A. thaliana; (Hamisch et al. 2012) and heavy metals (AhPDF1
of Arabidopsis helleri; Mirouze et al. 2006).

The broad spectrum as effectors against different stressors and
their specific regulation make PDFs promising candidates for de-
veloping a system for the early stress detection in trees (Nosenko
et al. 2021). Such a method would be essential for effective for-
est management to prevent large-area forest dieback. Facing
increasing biotin and abiotic stress from global climate change
and pathogen attack, early molecular/biochemical recognition
of stress before the appearance of visible symptoms will consti-
tute a significant advantage in forestry (Nosenko et al. 2021).

Due to inadequate correlation between transcriptome and pro-
teome data in stress response (Guerrero-Sanchez et al. 2021), an
AMP detection at the protein level is essential. The detection
and quantification of PDFs has so far been attempted using poly-
clonal antibodies, e.g., in potato, tobacco or rice (Gao et al. 2000;
Jha and Chattoo 2009; Van Der Weerden et al. 2008). However,
highly specific monoclonal antibodies against two different epi-
topes for the enzyme-linked immunosorbent assay (ELISA) are
required for the correct detection of the structurally very similar
AMPs in crude plant extracts (Uotila et al. 1981).

Our aim was to establish a generalised biotechnological concept
for the construction of test systems enabling the early detection
of environmental stress in plants based on the detection and
quantification of AMPs by ELISA (Figure 1). In this study, we
use PDFs as stress marker molecules. As a model organism for
defensins in trees, we chose Fagus sylvatica of the order Fagales
(Yusypovych 2016), an economically and ecologically import-
ant European deciduous tree species that is increasingly under
stress due to climate change.

We produced monoclonal antibodies by antibody phage display
(Breitling et al. 1991) derived from the naive human antibody
library HAL9/10 (Kiigler et al. 2015) by panning on recombi-
nant PDFs in solution (Heine et al. 2023). Using a characterized
sandwich antibody pair, we detected upregulation of FsPDF2,
the most abundant defensin in beech in response to biotic stress
by gall midges. Our approach could be used by practitioners
as a blueprint for the generation and application of antibodies
against AMP for stress diagnosis.

2 | Methods

2.1 | Computational Prediction of Defensin-
and Defensin-Like Gene Models in the Fagus
sylvatica Genome

F. sylvatica reference genome sequence assembly v.1.3 (Mishra
et al. 2018) was screened with FastBlockSearch, a search algo-
rithm integrated into Augustus (Stanke et al. 2008) to identify
potential genomic regions encoding defensins and defensin-like
proteins. Amino acid profiles were constructed based on mul-
tiple sequence alignments of plant defensins from Silverstein
et al. (2005) and Liu et al. (2017) and updated with sequences
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FIGURE1 | Antimicrobial peptides (AMPs) such as plant defensins (PDFs) as diagnostic tools for early detection of stress in trees. Various stress
factors threaten the health and fitness of trees with increasing intensity. Trees upregulate AMPs as an early molecular/biochemical immune re-
sponse to stress before visible damage occurs. The diagnostics of AMPs by ELISA in plant tissue extracts, therefore, helps to initiate countermeasures
in forestry at an early stage of tree damage and to identify plant species or genotypes with improved stress tolerance.

of putative defensin genes from the Fagaceae species Quercus
suber and Castanea sativa (Data S1). The sequence alignments
were converted into protein profiles using the msa2prfl.pl script
integrated into Augustus. Annotation of putative defensin
genes in the identified genomic regions was performed using
Augustus-PPX (Protein Profile eXtension of Augustus) based on
protein profiles that found high-score matches in the F. sylvatica
genome. The Augustus parameters for F. sylvatica were deter-
mined using the Augustus Bioinformatics Web Server (http://
bioinf.uni-greifswald.de/webaugustus/). F. sylvatica reference
genome annotation v.1.3 (Mishra et al. 2018) was provided as
a training set for parameter optimisation. An analysis of the
overlap between the gene models predicted for each protein
profile was performed and a unique set of defensin gene models
was generated using the R package GenomicRanges (Lawrence
et al. 2013). Similarly, GenomicRanges were used to find over-
laps between the resulting unique set of defensin gene models
predicted using Augustus-PPX and F. sylvatica reference ge-
nome annotation v.1.3. To identify N-terminal secretory protein
splice sites, amino acid sequences of predicted defensins were
analysed with SignalP (Nielsen 2017). Functional annotation of
the predicted gene models was conducted using sequence simi-
larity searches (BLAST (Camacho et al. 2009)) against the stand-
alone NCBI nr database (National Center for Biotechnology
Information Bethesda (MD): National Library of Medicine (US))
and F. sylvatica annotation v.1.3 gene models. Models of defen-
sin genes expressed in leaf samples were verified based on align-
ments of RNA-Seq reads (see below) to the reference genome
using Integrated Genomics Viewer (IGV; Robinson et al. 2011).

The secondary structure of proteins encoded by these genes was
verified using JPred (Drozdetskiy et al. 2015).

2.2 | RNA-Seq Data Generation and Analyses

Leaf samples were collected in May 2017 (forest near Rust,
Germany; 48°15'55.2” N 7°41'55.6” E) from the crowns of four
mature F. sylvatica trees, which showed varying degrees of in-
festation with Phytophthora spp. (Table S1). To ensure the diver-
sity of biotic stress agents, only leaves damaged by herbivores
were sampled. Total RNA was extracted from the leaf samples
using the Spin Plant RNA Mini Kit (Stratec Molecular, Berlin,
Germany) and purified from DNA using the TURBO DNA-
free Kit (Ambion, Darmstadt, Germany). RNA concentration
and integrity were assessed using Bioanalyzer 2100 (Agilent
Technologies, Waldbroon, Germany). The preparation of ran-
dom primed cDNA libraries was performed by KFB Sequencing
Service of the University of Regensburg (Regensburg, Germany)
according to the Illumina TruSeq Stranded mRNA Sample
Preparation Guide (Illumina Inc., San Diego, CA, USA).
Sequencing on the Illumina NextSeq 500 System in the paired-
end mode with a read length of 2x 100 bases was conducted by
KFB Sequencing Service. The quality of all RNA-Seq libraries
was assessed using FastQC v0.11.2 (Andrews 2010). Adapters,
reads with average quality below 30 and low quality (<30)
bases at the read termini were trimmed using Trimmomatic
v0.36 (Bolger et al. 2014). Processed read pairs were aligned to
the F. sylvatica reference genome sequence assembly using the
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STAR v.2.5.2a (Dobin et al. 2013) aligner program. Read pairs
aligned to exonic regions were summarised per gene using fea-
tureCounts (Liao et al. 2014) and F. sylvatica gene annotation
v.1.3 merged with the Augustus-PPX annotation of putative de-
fensin genes.

2.3 | Plant Material

Two sites in Brandenburg near Eberswalde (Germany) were
selected to sample drought-stressed beech trees. The first
beech forest near the village of Beerenbusch (53°08'20.0” N
12°56’06.4” E) had medium-coarse sandy-brown soil of me-
dium nutritional value. The second beech locus near the vil-
lage Britz (52°5240.1”N 13°50'06.5"E) grows on Finowtal
sandy brown soil of medium nutritional value. The harvest oc-
curred in September 2019 after a long summer drought period.
The control trees were located directly beside the lake nearby
(Britz: 52°52726.9” N 13°50'23.9” E, Beerenbusch 53°08'20.0” N
12°56’06.4” E), and therefore, had direct access to water without
being exposed to flooding stress.

To define the actual drought stress on-site, water potential mea-
surements were carried out using a Scholander vessel (Scholander
et al. 1965). For this purpose, sampling was conducted between
10 and 12am local time to exclude any daytime-dependent ef-
fects. Thin twigs with leaves were collected from the trees, and
20 leaves were immediately stored in liquid nitrogen.

Gall midge tumors were collected from leaves in a forest near
Braunschweig (Germany; 52°19'18.8”N 10°20'31.6”E). After
separation from the surrounding leaf tissue, tumors were frozen
directly in liquid nitrogen. The remaining leaf material was also
deep-frozen directly on site.

Leaf tissue or gall midge tumours were ground in liquid nitrogen
before adding 500 L PBS extraction buffer 10mM Na,HPO,,
1.8mM KH,PO,, 137mM NaCl, 2.7mM KCI, 2% polyvinylpyrro-
lidone, 1% NP-40, 2% PMSF and 1% proteinase inhibitor cocktail
for plant extracts (Merck KGaG, Darmstadt, Germany), pH 7.4)
to 100mg of plant material. After briefly inverting, sonication
of samples in a pre-cooled ultrasonic bath was performed twice
for 15s. Beech embryos were separated from the endosperm
of beech nuts. 500 uL PBS extraction buffer was added to each
embryo before cell disruption using a grinding mill (Precellys
24; PeqLab, Erlangen, Germany) with porcelain beads twice for
30s with 5s interruption. All samples were freeze cracked, with
an incubation for 1 min in liquid nitrogen and 1min in a 37°C
warm water bath. This cycle was repeated 3 times. After that
the samples were inverted and centrifuged twice at 16600x g at
4°C for 10min. The protein concentration was measured with
RotiQuant (Carl Roth GmbH & CoKG, Karlsruhe, Germany) ac-
cording to the manufacturer's protocol.

2.4 | Quantitative Real-Time PCR

For total RNA extraction, InviTrap Spin Plant RNA Mini Kit
(Invitek Molecular GmbH, Berlin, Germany) was used accord-
ing to the manufacturer's protocol with slight modifications.
Briefly, 30mg freeze-dried powder was added to 500 uL of LRP

(lysis) buffer augmented with 1% (v/v) B-mercaptoethanol, 1%
(w/v) PVPP, vigorously vortexed and incubated at room tem-
perature for 15min. After treatment with Turbo DNase Free Kit
(Life Technologies GmbH, Darmstadt, Germany), extracts were
placed directly onto an RNA Spin Filter, treated according to the
manufacturer's protocol. RNA quantity and quality were veri-
fied with Nanodrop 1000 (Life Technologies GmbH, Darmstadt,
Germany) and agarose gel electrophoresis (2 bands of 18s and
28s rRNA). The first strand cDNA was synthesised using 200 ng
of RNA and the iScript cDNA synthesis Kit (BioRad, Hercules,
California).

Primers were designed with Primer3 (Koressaar et al. 2018)
using adjusted default settings. The 18S rRNA Reference Gene
primer was designed using the F. sylvatica gene partial sequence
(GenBank: AJ888473.1; Mishra et al. 2018) by the same design-
ing platform.

The RT-qPCR assays were performed using LightCycler 480
SYBR Green I Master Mix on LightCycler 480 (Roche Diagnostics
GmbH, Mannheim, Germany). All gPCR was performed using
SYBR Green and was conducted at 95°C for 5min, and then
40cycles of 95°C for 105, 56°C for 10s and 72°C for 12s. Relative
gene expression pattern was analysed as described by Livak and
Schmittgen (2001) by the 274A¢ method after normalising with
the reference gene (18 s rRNA) and plotted on a log scale.

2.5 | FsPDF2 Vector Cloning

The recombinant FsPDF2 was designed with a TEV protease
cleavage site and a twinStrepTag linked by a glycine-serine
linker to the protein (Figure S1). The codon-optimised sequence
was cloned with HindIII and Notl in the OpiE2 vector (Table S2),
including a signal peptide for secretion (Bleckmann et al. 2015;
Korn et al. 2020).

2.6 | Recombinant Production and Purification
of FsPDF2 in Insect Cells

High Five (BTI-Tn-5B1-4) insect cells (Thermo Fisher Scientific,
Waltham, USA) were used to produce FsPDF2 baculovirus-free
by transient plasmid transfection as described before (Korn
et al. 2020). The supernatant was harvested 96h after trans-
fection by two-step centrifugation (4min at 180xg, followed
by 20min at 3 220xg). FsPDF2 was purified with His Mag
Sepharose Excel beads (Cytiva, Marlborough, USA) or automat-
ically with the Akta system (Cytiva, Marlborough, USA) accord-
ing to the manufacturer’s protocol. The purity was monitored by
the Akta system and SDS-PAGE.

2.7 | Antibody Selection With Phage Display

Phage display panning was performed in solution using the
naive HAL9 and HAL10 human antibody libraries (Kiigler
et al. 2015) in three rounds, followed by one round with an
immobilised antigen. For the first panning round, the library
was packaged using Hyperphage (Rondot et al. 2001; Soltes
et al. 2007). The panning in solution was performed according

4
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to Heine et al. (2023) with modifications. Briefly, 5x 10 cfu (cell
forming units) of each library was diluted in 150uL 2% (w/v)
BSA-PBST and separately preincubated in an MTP well blocked
with a panning block (1% BSA and 1% milk powder in PBST).
StreptactinXT (IBA-Lifesciences GmbH, Gottingen, Germany)
beads were prepared. After that, the libraries were preincubated
on 10 uL bead slurry in a total volume of 600 uL 2% BSA in PBST
in a low-binding Eppendorf tube for 1h in a tube rotator at room
temperature (RT). Magnetic beads were separated for the pan-
ning procedure, and 1 g antigen was added to the supernatant.
The panning reaction was incubated for 90 min at RT. After that,
10uL washed StreptactinXT bead suspension was added for
magnetic pulldown. The reaction was incubated for 30min at
RT, the supernatant was discarded, and the beads were washed
10 times with 1 mL PBST. Beads were washed 20 times and 30
times in the second and third panning rounds. After washing,
the remaining phages were eluted in 200uL trypsin (10ug/
mL in PBS) for 30min at 37°C and separated from the beads.
The fourth panning round was performed with 1ug FsPDF2
immobilised on MTP to add a non-related antigen with a twin-
StrepTag for soluble competition for depletion of twinStrepTag
binding scFv clones.

For monovalent phage amplification, 100uL eluate was used
to infect 500uL E. coli XL1 Blue MRF' (Invitrogen, Waltham,
Massachusetts) for 30min at 37°C. Bacteria were plated on
2XYT-GA agar plates and incubated overnight at 37°C. The
next day, colonies were scrabbed with 5mL 2xYT media from
the plate and used for inoculation at OD,,=0.1. Bacteria were
incubated at 37°C until they reached an OD,, ~0.5 and in-
fected with M13K07 helper phage for 30min at 37°C, followed
by 30min at 37°C with shaking to express antibiotic resistance.
After centrifugation, media was changed to 2xYT-KA, and bac-
teria were incubated at 37°C and 350rpm overnight for phage
production. The phages were precipitated with PEG/NaCl, ti-
trated and used for the next panning round.

After the fourth panning round, to identify binders in
screening-ELISA, monoclonal single chain-Fv (scFv) frag-
ments were produced from picked individual clones in a 96-
well microtiter plate (MTP). These fragments were screened in
respect of binding on the desired antigen FSPDF2 and an un-
related negative control protein, respectively. Clones binding
specifically were sequenced and produced in scFv-Fc antibody
format (Heine et al. 2023).

2.8 | Recombinant Antibody Production

Selected scFv clones were cloned into pCSE2.6-hIgG1-Fc and
pCSE2.6-mIgG2a-Fc vectors using Ncol and Notl to produce
scFv-Fc fusion proteins as described (Wenzel et al. 2020).

The scFv-Fc antibodies were produced in Human Embryo
Kidney (HEK) Expi293F cells (Thermo Scientific, Waltham,
Massachusetts, USA) in a 5mL scale. The cells were culti-
vated at 37°C, 110rpm, and 5% CO, in Gibco Freestyle F17
media (Thermo Scientific). The medium was supplemented
with 8 mM L-glutamine and 0.1% Pluronic F68 (PAN Biotech,
Aidebach, Germany). Cells were transfected with polyethylen-
imine (PEI) at a density of 1.8-2.2x 10° cells/mL and a viability

above 90%. For transfection, 1 ug of DNA was mixed with 5ug of
40kDa PEI (Polyscience, Warrington, USA) in 5% transfection
volume in the medium. The mix was incubated for ca. 25min
at RT and added to the cells. After 48 h, the cells were fed with
5mL HyClone SFM4Transfx-293 medium (GE Healthcare,
Chicago, Illinois) supplemented with 8 mM L-glutamine and
1mL Hyclone Boost 6 supplement (GE Healthcare, Chicago,
Illinois). One week after transfection, the cells were harvested
by centrifugation for 15min at 1500x g (Bertoglio et al. 2021).

The scFv-Fc fusion proteins were purified by Protein-A with
MabSelect SuRe (GE Healthcare, Chicago, Illinois) according to
the manufacturer's manual. Production and purity were verified
by SDS-gel electrophoresis.

2.9 | Titration ELISA

FsPDF2 concentration in crude plant extract was determined
using a sandwich ELISA assay to enrich the analyte. A capture
antibody binds FsPDF2 specifically, while the rest of the un-
specific proteins in the extract are washed away. Subsequently,
the primary antibody is used for defensin detection.

Titration ELISA was performed in 96-well MTP plates (Greiner
Bio-One GmbH, Frickenhausen, Germany). Antigen or antibod-
ies were immobilized overnight at 4°C (400 ng in 100 uL PBS per
well). After washing (Titertek ELx405); (program 3xC), Biotek
Instruments, Winooski, Vermont, USA), the remaining binding
sites on the polystyrene surface in the MTP wells were blocked
with 330uL/well blocking solution (2% polyvinylpyrrolidone
(PVP) (w/v) in PBS) for 1h at RT. The plates were washed before
the titrant (diluted in working solution (1% BSA (w/v), 1% PVP
(w/v) in PBST (PBS with 0.05% Tween-20)) was directly titrated
in the MTP in 100uL/well working solution from the highest
concentration to the lowest, according to the experimental
setup. Plates were incubated for 1h at RT. After washing, the
primary antibody for FsPDF2 detection was added in 100 uL M-
PBST/well and incubated for 1h at RT, followed by washing
and incubation with secondary antibody for detection, either
Fc-part specific, HRP coupled goat anti-human-IgG (A0170;
Sigma-Aldrich, St. Louis, USA) or goat anti-mouse-IgG (A0168;
Sigma-Aldrich, St. Louis, USA), depending on the species of the
primary antibody. After final washing, the HRP was detected by
3,3',5,5'-Tetramethylbenzidine (TMB). The reaction was stopped
after 15-30 min with 1N sulfuric acid. The absorption (OD) dif-
ference between OD,,, and OD,,  was measured with an
Epoch reader (Biotek Instruments, Winooski, Vermont, USA).
The effective concentration at 50% signal (EC,,) was computed
with OriginPro (OriginLab, Northampton, Massachusetts),
using the five-parameter logistic fit.

2.10 | In Silico Analysis Using ColabFold

To investigate the structure prediction of the antibody-anti-
gen complex, we utilised ColabFold v.1.5.3 (Mirdita et al. 2022)
and the AlphaFold 3 servers provided by Google (Abramson
et al. 2024). The sequence queries contained the amino acid se-
quences of the scFvs generated in this study via phage display
and the anticipated sequence of the FsPDF2 protein without its
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predicted signal peptide. Multiple Sequence Alignment (MSA)
was executed using MMseqs2 (UniRef + Environmental) with
an unpaired plus paired strategy. Each model underwent at
least five cycles, and the top-ranking models, surpassing a 75%
confidence threshold, were employed for subsequent visualisa-
tion and superposition of the structure using UCSF ChimeraX
(Pettersen et al. 2021).

The initial AlphaFold prediction runs utilised the amino acid se-
quences of both scFvs (PHE148-H1, PHE183-B12) and FsPDF2
(Figure S2). However, we recognised a potential flaw in this ap-
proach: AlphaFold, while highly efficient, does not inherently
consider a potential steric hindrance effect between antibodies
occupying nearby epitopes. Consequently, we modelled each
scFv separately with FsPDF2 and superimposed the predicted
FsPDF2 structures.

2.11 | Transient Transformation of Nicotiana
benthamiana

The coding sequences of F. sylvatica defensin FsPDF2 were am-
plified by PCR from F. sylvatica cDNA using attB site-flanked
primers to allow recombination of the respective PCR product
into the pPDONR/Zeo vector by BP reaction using the GATEWAY
cloning system (Invitrogen, USA). For localization studies,
the resulting entry vector was used for LR recombination into
pK7WG2 (Karimi et al. 2002), generating the expression vector
pExp-fspdf2. The negative control generation was described by
(Weber et al. 2021). The genomic region of the promoter was
amplified and subcloned into pPDONR/Zeo via BP-reaction to
generate entry vectors. Recombination of these entry vectors
via LR reaction with the pKGWFS7 destination vector (Karimi
et al. 2002) resulted in the expression vector pEndo- mot2.1::gus
coding for a GFP-GUS fusion protein. Agrobacterium-mediated
transient expression in leaves of N. benthamiana was performed
as described by (Kaufholdt et al. 2013). Agrobacterium tumefa-
ciens harboring the expression vectors were co-infiltrated into
the intercellular space of plant leaves. For optimal comparison,
the defensin and negative control approaches were infiltrated in
one leaf of a leaf pair each.

212 | Co-Immunoprecipitation (CoIP) and Protein
Identification by Mass Spectrometry (MS)

To evaluate the specificity of the antibodies PHE148-H1 and
PHE183-B12, co-immunoprecipitation with protein identifi-
cation by MS was performed. Protein extracts from gall midge
tumours and recombinantly produced FsPDF2 were used for
these experiments. Protein extraction from gall midge tumours
was performed as described above. 20 ug antibodies were bound
to Pierce Protein A/G Magnetic Beads (Thermo Scientific;
Ref.88802) according to the manufacturer's instructions with
some modifications. In brief, beads were incubated with the an-
tibodies for 1h at room temperature.

Besides PHE148-H1 and PHE183-B12, beads were coated with
the antibody SH1956-D6 (specific for an Arabidopsis thaliana
defensin). SH1956-D6-coated beads and beads without anti-
body served as controls for non-specific protein binding. A

total of 500 ug proteins from the gall midge extracts or 37.5ug
of recombinant FsPDF2 were used for co-immunoprecipitation.
Each sample was made up to a volume of 500 uL with extraction
buffer. After overnight incubation of the beads with the protein
extracts at 4°C and gently mixing at 25rpm on a spinning wheel,
beads were collected and washed with Tris-buffered saline (TBS
pH 7.5, Product No. 28360) containing 0.05% Tween-20.

Proteins were eluted from the beads using 100uL elution
buffer containing 0.8% (w/v) Tris-HCI (pH6.8), 5% (v/v) -
mercaptoethanol, 15% (v/v) glycerol, 2.4% (w/v) SDS, 0.4%
(w/v) bromophenol blue. Protein digestion with trypsin was
performed in protein low binding tubes (Eppendorf, Hamburg,
Germany) using the Single-Pot Solid Phase Sample Preparation
technique (SP3) previously described (Hughes et al. 2014) with
modifications according to Mateus et al. (2018). Peptide purifi-
cation was carried out as described by Fuchs et al. 2021 using
Oasis HLB-SPE-cartridges (1cc, 10mg, Waters, Milford, MA,
USA). Peptides were eluted sequentially with 13% (v/v) aceto-
nitrile, 25% (v/v) and 75% (v/v) acetonitrile in 0.5% (v/v) formic
acid. The three fractions were combined, and an aliquot (one
tenth of a sample) was additionally desalted using ZipTips (C18,
Merck Millipore, Billerica, MA, USA) as described previously
(Fuchs et al. 2021). After sample preparation for liquid chroma-
tography/tandem mass spectrometry (LC-MS/MS) analysis ac-
cording to (Fuchs et al. 2021), LC-MS/MS runs were performed
on a nanoAQUITY Ultra Performance Liquid Chromatography
System (Waters Corporation, Milford, MA, USA) that was cou-
pled to an LTQ Orbitrap Velos Pro mass spectrometer (Thermo
Fisher Scientific Inc) using a 125min gradient at a flow rate of
0.35pL/min starting with 3.7% buffer B (80% (v/v) acetonitrile
and 0.1% (v/v) formic acid) and 96.3% buffer A (0.1% (v/v) formic
acid in UltraLC-MS water): 0-30min 3.7% buffer B; 30-60min
3.7%-31.3% buffer B; 60-100min 31.3%-62.5% buffer B; 100-
108 min 62.5%-90% buffer B; 108-113min 90% buffer B; 113-
118 min 99%-3.7% buffer B, 118-125min 3.7% buffer B.

Primary MS scans were performed in the Orbitrap scanning an
m/z range of 350-1800 with a resolution of 60000 and a lock
mass of 445.12003. Primary ions were fragmented in a data-
dependent collision-induced dissociation (CID) mode for the 10
most abundant precursor ions with an exclusion time of 24s and
analysed using the LTQ ion trap. Ionisation parameters were set
according to Fuchs et al. (2021).

Analysis of the raw MS data was conducted using MaxQuant (ver-
sion 2.4.3.0; Max Planck Institute of Biochemistry, Martinsried,
Germany) with the parameters described previously (Fuchs
et al. 2021) and a FASTA file containing all known Fagus syl-
vatica proteins, downloaded from Uniprot on 2024-05-08, com-
bined with protein sequences for the human and the mouse
antibody specific for FsPDF2 (PHE148-H1, PHE183-B12) as well
as for the IgG binding proteins A and G (Uniprot on 2025-01-
29). All contaminants were removed from the list of identified
proteins. Only proteins with at least two MS2 counts and a ratio
between protein intensity and the number of unique peptides of
at least 100000 were considered to be reliably identified. In the
case of proteins with more than 100 amino acids, a minimum
of two unique peptides had to be detected. The filter criteria de-
scribed by Fuchs et al. (2021) were applied to reliably identify
proteins with up to 100 amino acids, except that the detection
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of the proteins was only required in one sample. iBAQ values
provided by MaxQuant were used for quantitative comparisons.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository (Perez-Riverol et al. 2025) with data set identifier
PXD060631 (https://www.ebi.ac.uk/pride/archive, username:
reviewer_pxd060631@ebi.ac.uk, password: bspWmsViwovw).
Alternatively, reviewers can log in to the PRIDE website using
the following details: Project accession: PXD060631, Token:
SNgbaUCar5PD.

3 | Results

3.1 | Beech Defensin- and Defensin-Like Gene
Prediction and Expression Analyses

Eighty loci putatively encoding defensin-like proteins were iden-
tified in the Fagus sylvatica genome using AUGUSTUS-PPX
and amino acid alignments of plant defensins (Liu et al. 2017;
Silverstein et al. 2005) (Data S2, Table S1). Fifty-seven of them
contained a signal peptide (SP) characteristic of the defensin-
like genes. Only five of these models overlapped with gene mod-
els from the F. sylvatica genome annotation v. 1.3.

To identify defensin-like genes involved in the response to bi-
otic stress, we generated four RNA-Seq libraries using RNA
extracted from leaves visibly damaged by herbivores. For this
purpose, leaves were collected from four mature F. sylvatica
trees characterised by different degrees of Phytophthora infec-
tion. Only two of the predicted defensin-like genes, CRP0000-1
and CRP01104-12, had relatively high expression levels in all
samples (see Table S1). CRP01104-12 likely represents an ex-
pressed pseudogene as it lacks SP. CRP0000-1 overlaps with the
defensin Ec-AMP-D2-like gene model FSB0104284 from F. syl-
vatica genome annotation v.1.3. It has primary and secondary
amino acid sequence structures that are typical for plant defen-
sins. We call this gene FsPDF2 (F. sylvatica Plant Defensin 2).
FsPDF2 was selected for further analyses as a potential stress
biomarker candidate.

3.2 | Recombinant FsPDF2 Production
and Antibody Generation

FsPDF2 was produced in a baculovirus-free High Five insect
cell system. After purification by His8 tag via IMAC, a maxi-
mum yield of 7.8 mg/L could be obtained. The recombinant pro-
tein was stable for 4weeks under different storage conditions
(Figure S3). Due to the small size of FsSPDF2, monoclonal recom-
binant antibody generation was achieved by phage display using
panning in solution with a magnetic bead pulldown (Figure 2a)
to mitigate potential steric hindrances or denaturation of con-
ventional plate-based panning. During the panning process,
specific binding scFv fragments against FsPDF2 are enriched
from each round to another, whereas unspecific binders are
depleted due to preclearance of the libraries, and non-binders
are eliminated with harsh washing. With the additional fourth
panning round on MTP, a counterselection with an unrelated
antigen against the twinStrepTag was performed to deplete scFv

fragments binding the tag. Seven unique scFv fragments were
identified: two clones with lambda light chains and five with
kappa light chains.

The binding performance of scFv antibodies was further char-
acterised by titration ELISA and ranked based on EC,, values
(Figure 2b). All antibodies showed a similar binding strength
to the antigen with an EC,, value in a picomolar range, ex-
cept PHE183-F1, whose EC,, was in the low nanomolar range
(Table 1). The similarity of the complementarity determining re-
gions (CDRs) of the antibodies indicates that all kappa antibod-
ies bind to the same epitope, whereas lambda antibodies bind to
a different one. Although the generated antibodies are therefore
very well suited for use in ELISA, it was not possible to demon-
strate their applicability in reducing and native Western blots
(compare Tomisawa et al. (2013)).

Different antibody combinations in the scFv format were tested
and ranked based on their EC50 value to develop a FsPDF2
sandwich ELISA, necessary to measure defensin concentra-
tion in crude plant extracts. The best-performing kappa anti-
bodies, PHE148-H1, PHE182-D5 and PHE182-E2, were used
to capture the antigen, while the best-performing lambda an-
tibody PHE183-B12 was used as the detection antibody. All
three combinations had EC,, values in a similar low nanomolar
range (Figure 2c). For the subsequent ELISA studies, we used
the combination of PHE148-H1 and PHE183-B12, which re-
sulted in a combined EC,, of 8nmol. A co-immunoprecipitation
with recombinant FsPDF, followed by a LC-MS/MS analysis
demonstrated the specific binding capability of both antibodies
(Table S3).

3.3 | PHE148-H1 and PHE183-B12 Bind FsPDF2 at
Distinct Epitopes

We utilised AlphaFold 3 to predict the antibody-antigen-anti-
body complex (Abramson et al. 2024). Each scFv was modelled
individually in complex with FsPDF2. The FsPDF2 structures
were superimposed to generate a comprehensive complex
model (Figure 3a). For structure reliability, the predicted Local
Distance Difference Test (pLDDT) confidence scores and the
interface predicted template modelling (ipTM) score were used
(Xu and Zhang 2010; Zhang and Skolnick 2004). The pLDDT
scores for the CDR regions exceeded 80, while the FsPDF2 frag-
ment scored above 70. The ipTM score was 0.74 for PHE148-H1
in complex with FsPDF2 and 0.71 for PHE 183-B12 in complex
with FsPDF2.

Aspredicted by AlphaFold, the HAL10derived scFv(PHE148-H]1,
PHE182-D10, PHEI182-D5, PHEI182-E1l, and PHE182-E2)
with kappa light chain binds to the same epitope of FsPDF2
(Figure S4). The epitopes of FsPDF2 were determined by analys-
ing the CDR regions as interface templates. PHE148-H1 in com-
plex with FsPDF2 revealed an interface mostly directed by VH
CDR-2 and CDR-3 targeting the gamma core motif of FsPDF2
(epitope 1; TXV/RGFRRR) (Figure 3b). For PHE183-B12, the
heavy and the light chains were predicted to bind fully to the
single alpha helix characteristic for defensins, resulting in
FsPDF epitope 2 (RXQ/RXSNXXXAVXQTE) (Figure 3c). These
results confirm that PHE148-H1 and PHE183-B12 bind FsPDF2
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FIGURE 2 | Antibody selection with phage display and characterisation of binders. (a) Panning in solution to select specific antibodies against
FsPDF2. The naive human antibody libraries HAL9 and HAL10 were incubated with the tagged FsPDF2 in solution. After a tag-based pulldown
of the antigen and a harsh washing, bound phages were eluted, and E. coli cells were infected. For the next panning round, new phages were pack-

aged with a helper phage. After three rounds of panning in solution and one panning round with immobilised antigen on a microtiter plate, scFv

were screened for binding. Binders were cloned into a scFv-Fc format and produced in HEK Expi293F cells (modified from Wenzel et al. (2020)).

(b) Generated scFv-Fc antibodies have different binding performances on immobilised FsPDF2. The EC,, values range from 0.13 to 0.79 nmol/L. (c)
FsPDF2 Sandwich ELISA using PHE183-B12 as detection antibody while FsPDF2 was immobilised by the three best-performing kappa antibodies

(n=3).

at distinct epitopes, providing insights into their ability to be
used within a sandwich ELISA.

3.4 | Detection of Recombinant FsPDF2 in Plant
Material

To confirm the detection in plants, FsPDF2 without tags was
transiently overexpressed in Nicotiana benthamiana by trans-
formation with Agrobacterium tumefaciens. This material
was used to test the sandwich ELISA (Figure 4a) with plant
extract. The defensin could be detected in the ELISA at total

protein concentrations higher than 10pg/mL. A background
signal was generated at protein concentrations above 100 ug/mL
(Figure 4b). This background signal could be due to the weak
cross-reaction of the antibodies with homologous N. benthami-
ana defensins in the plant extract. This assumption is promoted
by an increased signal after Agrobacterium-induced immune
reaction of the plants.

Within the linear range of the calibration curve of recombinant
FsPDF2 (Figure 4c), we determined the defensin concentration
of beechnuts to be between 15 and 50ng per embryo and be-
tween 5 and 18 ug per g embryo fresh weight (Figure 4d).
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TABLE 1 | Monoclonal recombinant antibodies against FsPDF2
generated by phage display against FsPDF2. The highlighted antibodies

are used in the following analysis.

Antibody clone Library EC,,in nmol
PHE148-H1 HAL10 (kappa 0.17
light chain)
PHE182-D10 HAL10 (kappa 0.32
light chain)
PHE182-D5 HALI10 (kappa 0.22
light chain)
PHE182-E11 HAL10 (kappa 0.79
light chain)
PHE182-E2 HALI10 (kappa 0.13
light chain)
PHE183-B12 HAL9 (lambda 0.4
light chain)
PHE183-F1 HAL9 (lambda 4.47
light chain)

PHE183-B12

Leaf material contains many more secondary metabolites
than embryos interfering with the ELISA assay (Figure S5).
To adsorb especially tannins, the extraction was performed
with polyvinylpyrrolidone (PVP) (Magalhaes et al. 2010). We
also observed higher ELISA signals by exchanging milk pow-
der for PVP in the assay (Figure S6). After extraction with
PVP, the calibration curve with recombinant FsPDF2 showed
similar absorbance values in PBS buffer, as well as in plant
extract (Figure S7).

3.5 | Defensin Detection in the Natural Ecosystem
by FsPDF2 Sandwich-ELISA

Finally, We Used the Sandwich Antibody Set PHE148-H1 and
PHE183-B12 to detect FsPDF2 in samples from stressed ecosys-
tems. Drought was chosen as an abiotic stressor. Leaf samples
from mature trees were collected at two sites near Eberswalde
(Germany) in 2019 after a dry summer period. The control trees
werelocated atanearbylake. Leaves of the control and the drought-
exposed trees already differed in their visual appearance. Control
trees had large green leaves, while drought-exposed trees had
small yellowish leaves (Figure S8). Branch water potential in the

PHE148-H1

FIGURE 3 | Interaction of PHE148-H1 and PHE183-B12 with FsPDF2. (a) Predicted protein structure of FsPDF2 in complex with the scFv frag-
ments PHE148-H1 and PHE183-B12. FsPDF2 is coloured orange. The scFv heavy chains are coloured in dark grey, and the light chain in light grey.
The CDR1 loops are coloured blue (H) and cyan (L), the CDR2 loops are coloured green (H) and lime (L), and the CDR3 loops are coloured magenta
(H) and pink (L). (b) Interface of PHE148-H1 and FsPDF2. (c) Interface of PHE183-B12 and FsPDF2 displayed as seen for PHE148-H1. (b, ¢) To indi-
cate the interface residues, we display the residues located no more than 3.0 A away from their partner's surface as sticks.
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FIGURE4 | Detection of FsPDF2 in plant material. (a) Sandwich-ELISA setup for PDF and antimicrobial peptides (AMPs) detection in plant ex-
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protein concentration of 10 ug/mL. Negative control (NC) extract (leaves transformed with f3-glucuronidase under the control of the mot 2.1 promot-

er) shows the background signal. (c) Titration curve with recombinant FsPDF2 to determine the defensin concentration in F. sylvatica embryos. (d)

FsPDF2 concentration in beechnut embryo extracts (n=4).

drought-exposed trees in Britz was significantly lower (p =0.001)
relative to the control (Figure 5a). Results of quantitative real-
time PCR showed a 24-times enhanced transcription level of the
gene encoding FsPDF in leaves collected from drought-exposed
trees in Beerenbusch (Figure 5b). Reduced protein content in
the leaves of drought exposed trees is an additional indication of
drought stress (Figure 5c). However, no significant fSPDF2 upreg-
ulation on protein level in the leaves of drought-stressed trees was
detectable on both sites (Figures 5d and S9).

To investigate biotic stress, we used beech leaves infested with
gall midges (Cecidomyiidae spp.). The galls and healthy beech leaf
material around the galls were harvested. The defensin concen-
trations measured in galls were significantly higher (p=0.001)
than in the surrounding leaf areas (Figure 5f). Although the
protein concentration of defensins in the galls was 3 times lower
(Figure 5e), the amount of FSPDF2 normalized to the protein
content was 24 times higher in galls relative to the surrounding
tissue. Co-immunoprecipitation experiments with subsequent
LC-MS/MS analysis showed that the PHE148-H1 antibody can

significantly enrich FsPDF2 from the gall midge tumor extract, a
strong indication that the antibody is highly specific for FsPDF2.
While confirming its specificity, the PHE183-B12 showed a sig-
nificantly weaker signal in co-immunoprecipitation with the re-
combinant FsPDF2 than the PHE148-H1 antibody, with FSPDF2
from the gall midge tumor extract possibly remaining below
the limit of detection in the co-immunoprecipitation (Table S3).
However, a direct quantitative LC-MS detection of FSPDF2 was
not feasible due to its low abundance and high background inter-
ference from secondary metabolites in crude plant extracts. Thus,
ELISA remains the more suitable choice for practical and quan-
titative detection in complex plant matrices. Nevertheless, the re-
sults indicate a specific FsSPDF2 detention showing a strong stress
response of the leaf tissue to the parasite.

4 | Discussion

Antimicrobial peptides (AMPs), such as plant defensins (PDFs),
are involved in biotic and abiotic stress response regulation and

10
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FIGURES5 | FsPDF2in leaf extracts of stressed beech trees. (a—d) Experiments for FsSPDF2 quantification in beech leaves exposed to drought, har-
vested after several months of drought in September 2019. Stressed trees grew on sandy soil in a dry forest area; control trees were at a lake nearby. (a)
Water potential of drought-exposed trees in Britz (drought stress n =19; control n =13). (b) Expression data of FsPDF2 via qPCR of drought-exposed
trees in the upper crown of Beerenbusch samples (= 8). c/d Comparison of protein content (c) and defensin content (d) between the upper and lower
crown from both locations (number of replicates: Upper crown, drought stress n =30, control n =16; lower crown drought stress n =23, control n==6).

e/f Comparison of protein content (e) and defensin content (f) of sample material from F. sylvatica leaf gall tumours (n=65) and the surrounding
healthy leaf tissue (n=34). One-way ANOVA significance tests at 0.05 (¥) and 0.001 (***) were performed.

represent essential components of plant immune defence (dos
Santos-Silva et al. 2020; Srivastava et al. 2021). Understanding
the AMPs functions and improvement of methods of detection
and quantification of these small proteins has become increas-
ingly important in recent years (Bakare et al. 2022). In particu-
lar, early diagnostics of forest trees and crop species diseases is
a promising area of application of the AMP quantification meth-
ods for the future of forestry and agriculture. In an ever more
rapidly changing environment, there is no longer time to ob-
serve developments only empirically or phenotypically (Bakare
et al. 2022; Nosenko et al. 2021).

Molecular monitoring of the state of the plant immune system
will make it possible to detect climate-related damage caused by
new or increased pressure of native biotic and abiotic stressors
more quickly and to initiate silvicultural measures before entire
forests or agricultural fields die. In this context, beech, Central
Europe's dominant broadleaved tree species, is particularly
under pressure (Gefler et al. 2007). Therefore, we have chosen
Fagus sylvatica to demonstrate the usefulness of AMPs in the
early diagnosis of plant damage of economically very important
tree species (Bolte et al. 2007). We discovered the most abundant
defensin of F. sylvatica (FsPDF2) in herbivory stress by genome
and transcriptome analysis and investigated its expression in
stress response.

Protein-level analyses via ELISA offer a higher diagnostic value
in the context of stress physiology compared to transcriptomic
methods such as qPCR, which are highly sensitive but often
lack predictive power for protein abundance (Guerrero-Sanchez
et al. 2021), especially when mRNA-protein correlations are
poor. Western blotting and immunohistochemistry were ex-
cluded due to a lack of high throughput and accurate quantifica-
tion capabilities. For robust analyte detection in ELISA, highly
specific antibodies are needed.

Antibodies are one of the most important biotechnological
tools for measuring and quantifying proteins, e.g., for diagnos-
tic purposes (Aydin 2015). However, depending on the way of
their generation, the quality of antibodies differs dramatically
(Baker 2015). In particular, polyclonal antibodies exhibit limited
reproducibility, batch-to-batch variability, and cross-reactivity,
and are not sustainable due to the limited amount obtained from
a single source (Andrew and Andreas 2015; Goodman 2018).
Until now, only polyclonal antibodies produced in rabbits have
been described to detect plant defensins, which could be used
in immunoblots (Gao et al. 2000; Jha and Chattoo 2009; Van
Der Weerden et al. 2008). Even monoclonal antibodies derived
by hybridoma technique could result in non-monospecific anti-
bodies (Bradbury et al. 2018). However, recombinant antibod-
ies offer the best-defined detection reagents as they are always

free of contaminating IgG species and defined by their primary
structure, assuring unlimited future reproducibility (Ayoubi
et al. 2023; Diibel 2024). Therefore, we used in vitro antibody
generation by phage display, which allows animal-free gener-
ation of sequence-defined recombinant antibodies (Al-Halabi
et al. 2013; Colwill et al. 2011; Fuchs et al. 2014; Kuhn et al. 2017).
Our antibodies offer high sensitivity (EC50 of 8 nmol), a high
specificity for FSPDF2 in beech, reproducibility, and are suit-
able for diagnostic applications in crude plant extract. However,
the first requirement for successful antibody generation is the
production of correctly folded antigen in sufficient quantities.
For this purpose, we used the baculovirus-free high-five insect
cell culture system (Korn et al. 2020), which provided sufficient
amounts of highly stable FsPDF2. The recombinant defensin
also served for antibody characterisation and FsPDF2 quantifi-
cation (Figure S2). With this insect cell system, we have demon-
strated another possibility for practitioners that could increase
the probability that AMPs will be folded correctly if other sys-
tems have failed.

Generating a highly specific and sensitive test system for small
AMP molecules in crude plant extracts requires two antibodies
binding to two distinct and non-overlapping epitopes. This task
was challenging for plant defensin FsPDF2 due to the small pro-
tein size (5kDa) and very compact structure. Globular defensins
have a diameter of about 24-32 A, which roughly corresponds to
the binding surface of an antibody paratope of about 7-8 amino
acids. Since the available epitopes are consequently very limited,
the naive human antibody library HAL9/10 with their high di-
versity of different antibody fragments showed its strength. The
HAL9/10 libraries are not limited by the restrictions of the im-
mune system (Kiigler et al. 2015), which is an advantage com-
pared to the hybridoma technology using immunised mice. The
naive HAL9/10 libraries showed already their capabilities in de-
riving high specific monoclonal antibodies against e.g., Listeria
monocytogenes (Moreira et al. 2022) and Legionella spec. (Kuhn
et al. 2017) for diagnostic purposes and also antibodies against
SARS-CoV-2 (Bertoglio et al. 2021), black widow toxin (Ruschig
et al. 2024) and interleukin 5 (Langreder et al. 2023) for thera-
peutic purposes.

As the in silico model predicts, the antibodies PHE148-H1 and
PHEI183-B12 can bind simultaneously to the small FsPDF2
and cover a major part of the antigen. This allowed for specific
detection of FsPDF2 in crude or complex plant extracts in an
ELISA system, which was first demonstrated by recombinant
overexpression of FSPDF2 in N. benthamiana leaves. As a neg-
ative control, N. benthamiana extract expressing a non-related
protein was used. The control did not show signals in the nor-
mal measurement range up to 10 ug/mL extract concentration
in the ELISA. Therefore, the ELISA result could be attributed
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to specific binding of the antibody to FsPDF2. We were able to
detect FsPDF2 - tagged and untagged - expressed in different
expression systems, purified and in crude plant extract. The
specific antibody-antigen interaction was verified by MS analy-
sis after co-immunoprecipitation, allowing the identification of
native FsPDF2 from crude plant extract for PHE148-H1 and re-
combinant FsPDF2 for both antibodies. Although the EC,, val-
ues of PHE148-H1 and PHE183-B12 in ELISA are in the same
range, PHE148-H1 showed a better performance in capturing
native FSPDF2 out of crude extract. Antibody pairs that perform
differently in reversed order in sandwich ELISA have been ob-
served before (Al-Halabi et al. 2013). Therefore, the ELISA sig-
nal results from specific binding of the antibodies to FsPDF2.
Additionally, AlphaFold 3 gives a rational model of how the an-
tibodies bind to the antigen.

A weak cross-reaction was also observed in the N. benthamiana
negative control extract used in high protein concentrations.
As the structure of defensins has remained highly conserved
during evolution (Parisi et al. 2019), it is possible that the an-
tibodies can bind closely related defensins from tobacco.
However, this cross-reaction does not play a role in the diagnos-
tic ELISA as the LC-MS/MS data show that the antibodies are
highly specific for FsPDF2 in crude beech extract. Therefore, no
off-target binding was observed in the homologous Fagus syl-
vatica system, validating the robustness of the ELISA in native
conditions. Contrariwise, research can even take advantage of
the high evolutionary conservation of defensin domains across
plant taxa. These concentrations exceed the ELISA's operating
range because it may allow the usage of antibodies generated
against homologous defensins in closely related species without
the generation of new ones.

However, the leaves of most trees contain significant amounts
of tannins and other interfering phytochemicals that inter-
fere with protein extraction and ELISA (Hemingway and
Karchesy 1989). We added PVP during extraction to adsorb
the protein-denaturing tannins to reduce the interference from
plant secondary metabolites. In addition, adding PVP to block
and antibody solutions improved the signal-to-noise ratio.

With this immunological detection system, we were able to
measure endogenous defensin levels of FsPDF2 in beech tis-
sue extract. While unstressed leaves had just no or a low basal
FsPDF2 expression, beech embryos had a much higher amount
of defensins. This confirms the hypothesis that seeds have a
high content of defensins to protect themselves and, in partic-
ular, the embryo from herbivores and pathogens. For example,
in Raphanus sativus, defensins make 0.5% of the total seed pro-
tein (Thomma et al. 2002). Therefore, the result demonstrates
that our sandwich ELISA with specific monoclonal antibodies
allows rapid and robust defensin quantification in crude beech
extract.

So far, changes in defensin regulation to quantify stress response
were only detected using transcriptomic data, e.g., for Dhn8
from soybean, which showed a 10-fold upregulation of tran-
script levels under drought stress (Maitra and Cushman 1994),
or with a 40- and 8-fold upregulation in inner and outer gall
midge tumour tissue of oak (Martinson et al. 2020), respec-
tively. In our ELISA study, drought stress elicited no significant

FsPDF2 response, which is in contrast to the transcript data
with 24 times upregulation. This can be caused by the transport
of the apoplastic-located defensins from leaves to other organs,
a faster usage under stress, or a poor correlation between tran-
scription and translation caused by a lack of resources under
stress. Such a poor correlation between the transcript and pro-
tein level was recently observed for a lot of proteins in Quercus
ilex under drought stress (Guerrero-Sanchez et al. 2021). The
poor correlation between transcriptomic and proteomic data,
due to potential apoplastic transportation effects, shows the im-
portance of stress monitoring on protein level, which highlights
ELISA as a robust, fast and sensitive methodology. Also, when
plant secondary metabolites interfere with molecular diagnos-
tics, the ELISA used here was not substantially impaired (see
also Figure S7).

However, a strong stress response in beech galls in response
to gall midge larvae was demonstrated. Gall midges lay their
eggs in leaves, which develop into larvae that secrete metabo-
lites stimulating plants to form conspicuous galls (Pilichowski
and Giertych 2021). Since gall midges are pests to beech, it is
reasonable to assume that defensins are among the plant pro-
teins involved in the defence against the invader. We were able
to detect elevated FsPDF2 levels distinctly in the gall and not
in the surrounding tissue, showing that the leaves respond very
specifically and locally to the presence of the larva. The tested
gall midge tumours had a FsPDF proportion of around 0.9%. of
total protein mass.

5 | Conclusions

Our strategy could be extended by practitioners in the future
to other AMPs and other types of stress. This study establishes
a robust framework for generating monoclonal antibodies
against small AMPs, using FsPDF2 as a structurally represen-
tative model. The antibody selection process was tailored to the
compact, cysteine-rich structure typical of defensins, with op-
timized panning conditions that ensured correct antigen fold-
ing and epitope accessibility. In vitro antibody generation by
adapted phage display panning strategies in combination with
in silico structure prediction presented here can serve as a bio-
technological template to make other small and compact AMPs
detectable. These methodological features are inherently gen-
eralisable to other AMPs with similar biophysical constraints,
particularly within the defensin family, which shares conserved
tertiary motifs (Parisi et al. 2019). The antigen design for small
proteins can be adapted to the characteristics of other AMPs.
This approach offers an additional chance for AMP research on
the protein level.

To evaluate assay robustness, we included a range of sample
types encompassing multiple tissue sources (leaves, embryos),
biotic and abiotic stress conditions (gall midge infestation,
drought) and distinct ecological sites. Of particular interest
would be the use as a diagnostic tool for the detection of other
abiotic and biotic stress conditions in a field application with
rapid on-site tests based on lateral flow assays. Not all stress-
ors are as easy to recognize as gall midges, so countermeasures
against other stressors could be initiated at an early stage, long
before visible symptoms appear. With AMP quantification via
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ELISA, a deeper analysis of stress in trees is now possible, espe-
cially since transcript and protein levels often correlate poorly,
and a large number of secondary metabolites make RNA-based
detection methods difficult. Identification of stress in F. sylvat-
ica by defensins in native samples would be a powerful tool for
forest monitoring that meets the growing challenges of climate
change.

We hope that our study will stimulate further research on AMPs
from plants, but also from animals. AMPs will continue to gain
importance, especially regarding their medicinal benefits for
plants, animals and humans.
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recombinant FsPDF2. Figure S2: Initial ColabFold model of FsPDF2
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Titration ELISA revealing the stability of recombinant FsPDF2 from
High Five insect cells at varied temperatures. Figure S4: Binding of
the HAL10 scFv fragments to FSPSF2. Figure S5: Influence of tan-
nins in the ELISA. Figure S6: ELISA with different blocking agents.
Figure S7: Detection of recombinant FSPDF2 in crude plant extract.
Figure S8: Drought stress demonstration. Figure S9: FsPDF2 quanti-
fication in beech leaves exposed to drought. Data S1: Alignments of
plant defensin amino acid sequences used in this study for constructing
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gene sequences and used primers. Table S3: Co-immunoprecipitation
(CoIP) and LC-MS/MS analysis for specificity validation of PHE148-H1
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