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Abstract

BACKGROUND: Fungicide discovery still relies heavily on scalar screening endpoints [e.g. inhibition zones, median effective
concentration (ECso) or minimum inhibitory concentration (MIC)] that summarize growth suppression but provide limited infor-
mation about geometry-linked failure modes, constraining mechanistic prioritization during early screening. Because colony
morphology encodes growth direction and polarity, we developed a geometric and probabilistic screening framework to sep-
arate potency from polarity-linked failure modes in cacao- and coffee-relevant pathogens.

RESULTS: From routine colony images, we computed a fixed-dose potency coordinate, 4, as the negative natural log of the area
survival ratio, and a polarity coordinate, /, as the natural log fold-change in length-to-width ratio (treated/control). We then esti-
mated polarity-disruption event probability (p ) with exact 95% Clopper-Pearson confidence bounds at an operational thresh-
old of 7 = 1.10, with sensitivity analysis across 7 = 1.10-1.20. In a single-dose primary screen across nine isolates and four
phenolic-branched amide/acid candidates, amides consistently clustered in the (+4, +/) quadrant, indicating an action direction
characterized by concurrent growth suppression and polarity disruption relative to the acid analogues. The strongest combi-
nation was CGH5 treated with PhSOAM (1 = 0.67), which also showed high shape-disruption probability (p "= 0.75; 95% CI
0.43-0.95). Ellipse-based axis reconstruction linked / to axis-specific contraction ratios and showed strong agreement with
direct length- and width-based ratios. Re-analysis of an independent UV-C exposure-time gradient (0-30 min) produced coher-
ent dose-dependent i(d) and I(d) trajectories and supported event-level inference at ~10 min.

CONCLUSION: The A-I-p grammar converts colony images into an instrument-agnostic screening language describing how
strongly an intervention acts at the tested condition (1), whether it is associated with polarity-linked geometry change (/)
and how often a defined failure mode occurs (p ), thereby supporting mechanistic screening and prioritization of candidate fun-
gicides.
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Supporting information may be found in the online version of this article.
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1 INTRODUCTION

Fungicides remain a cornerstone of crop protection, yet resistance
is eroding the efficacy of many existing active ingredients, and the
pipeline for new products is under pressure.'” In this setting, dis-
covery programmes increasingly need tools that do more than
rank candidates by overall growth inhibition. They must also
reveal how a treatment damages the fungus, so that compounds
with genuinely novel modes-of-action (MoAs) can be prioritized
for further development and resistance-management strategies.
However, most in vitro assays still summarize responses using sca-
lar metrics such as inhibition zones, minimum inhibitory concen-
trations (MICs) or median effective concentration (ECsg)
values.*® These endpoints are useful for comparing potency,
but they provide limited resolution for distinguishing

geometry-linked response patterns or for prioritizing compounds
that may differ mechanistically despite similar scalar potency.

* Correspondence to: E Ahn, Sustainable Perennial Crops Laboratory, Agricul-
tural Research Service, United States, Department of Agriculture, Beltsville,
MD, 20705, USA. E-mail: ezekiel.ahn@usda.gov

a Sustainable Perennial Crops Laboratory, Agricultural Research Service,
United States, Department of Agriculture, Beltsville, MD, USA

b Environmental Microbial and Food Safety Laboratory, Agricultural Research
Service, United States, Department of Agriculture, Beltsville, MD, USA

¢ Sustainable Biofuels and Co-Products Research Unit, Agricultural Research Ser-
vice, United States Department of Agriculture, Eastern Regional Research Cen-
ter, Wyndmoor, PA, USA

Pest Manag Sci 2026; 82: 7995-8003

WWW.S0Ci.org

Published 2026. This article is a U.S. Government work
and is in the public domain in the USA.



https://orcid.org/0000-0003-4447-4104
https://orcid.org/0000-0002-7398-9476
mailto:ezekiel.ahn@usda.gov

®)
SCl

where science
meets business

WWW.S0Ci.org

E Ahn et al.

Colony images already contain the information needed to
bridge this gap. Mycelial morphology integrates the effects of
genotype, environment and chemical stress, and changes in
polarity and growth direction are tightly linked to fundamental
processes such as cell-wall biosynthesis and hyphal tip
growth.””'° This has motivated a shift toward high-content,
image-based phenotypic screening in filamentous fungi.''™"*
Yet the field still lacks a compact quantitative representation, a
‘grammar,’ that unifies colony size and shape into comparable
mechanistic coordinates that can be applied across isolates and,
in principle, across stress modalities. In particular, current pipe-
lines report how much growth is suppressed but rarely quantify
whether colonies fail isotropically or along a preferred axis, even
though this distinction is central to MoA.

Here we introduce a compact grammar with three components.
First, we define a potency coordinate Aarea = — IN(Sarea), the nega-
tive log of the area survival ratio, which places treated groups on a
linear scale where equal steps correspond to equal multiplicative
changes in suppression. Second, we define polarity
lwr = In(LWR/LWR,), a size-normalized contrast that tracks shifts
in colony anisotropy. Together, these form a MoA vector
v=(Aarea, lLwr) With an angle 6 (action direction) and a magnitude
|v| (combined effect size). Third, we convert morphology from
means into event-level claims by estimating p(LWR=7) with
exact binomial confidence bounds,' so that statements about
polarity disruption are frequency-based and reproducible rather
than anecdotal. For cross-modal datasets (e.g. UV-C), events are
equivalently defined on the polarity coordinate [/ = In(z)], ensur-
ing mathematical consistency across modalities. This
morphology-based A-I-p grammar is designed to integrate seam-
lessly into fungicide screening workflows, providing crop-
protection programmes with mechanistic, QC-ready endpoints
that complement conventional potency-only screening.

Applied to a panel of isolates and four related chemistries
(amide/acid pairs), this framework yields three findings that a sca-
lar pipeline would miss. (i) Amide treatments do not merely rank
higher on potency; they cluster in the (+potency, +polarity) quad-
rant, revealing an action direction, polarity-disruptive suppres-
sion, distinct from acids. (ii) Reconstructing major and minor
axes from area and LWR shows bidirectional axis contraction, link-
ing the polarity signal to a concrete geometric failure (narrowing
outpaces shortening). (iii) At a predefined threshold (e.g. t=1.10),
the incidence of polarity-disruption events is high in amides,
whereas controls remain lower than the strongest treated groups,
and sensitivity analyses (r=1.10—1.20) showed that the main
treatment—control contrasts remained interpretable across stric-
ter operational thresholds.

Conceptually, this potency-polarity—probability triad elevates
morphology from description to explanation. It enables ranking
by how much a treatment works (4), grouping by how it works
(0), and certifying how often it works (p,), a combination that
aligns with both discovery decisions and mechanistic follow-up.
Because the ingredients are generic (areas, LWRs, replicate
counts), the approach is instrument-agnostic and pathosystem-
agnostic: the exact coordinates can be used to compare
chemical,'® photonic (UV-C)'""'® or biocontrol modalities'>?° on
a common mechanism map. Additionally, we demonstrate this
cross-modal portability herein by re-analyzing the UV-C dose-
response data, proving the A—/—p grammar holds for both
chemical and physical stressors. Accordingly, our objective was
to establish and evaluate a colony-morphology framework that
separates potency from polarity-linked geometry change and

expresses replicate-level event frequency with exact confidence
bounds in a fixed-dose chemical screen, while testing whether
the same grammar remains coherent under an independent
UV-C dose gradient. In this sense, turning morphology into vec-
tors, angles and event bounds is not ornamentation on top of
potency; it is a necessary quantitative language for understanding
how antifungals act in early screening contexts.

2 MATERIALS AND METHODS

2.1 Dataset and source data

All data processing, metric calculations and statistical analyses
were performed in PvtHon (v3.11) using the pandas,®’ numpy??
and scipy?? libraries. All analyses were based on a pre-existing,
replicated dataset derived from in vitro cultures of nine fungal iso-
lates. These included six coffee-pathogenic isolates of Colletotri-
chum spp. (P23-55, P24-83, P24-85, P24-88, P24-192 and
P24-193), which were originally isolated from Coffea arabica
plants in various regions in Hawaii, and three cacao-pathogenic
isolates: Pestalotiopsis sp. CGH5, and Colletotrichum gloeospor-
joides CGH17 and CGH49, sourced from Theobroma cacao in
Ghana. These pathogens are known to cause significant diseases
in their respective hosts, such as anthracnose in coffee and cacao,
leading to substantial agricultural losses.**2

The isolates were tested against four novel phenolic-branched
compounds derived from sustainable feedstocks: phenolic soy-
bean oil branched fatty amide (PhSOAM) and its corresponding
acid form (PhSOFA), as well as beechwood creosote-branched
brown grease fatty amide (BCBGAM) and its acid form (BCBGFA).
These compounds were produced and characterized as detailed
in prior reports,?*?°-2 with the amide derivatives featuring
ethylenediamine-carrying modifications to enhance stability and
antifungal activity. Each compound was dissolved in pure ethanol
to create stock solutions of 10 mg mL™" before application, along-
side an untreated (ethanol-only) control. The dataset captures
quantitative morphological responses from these in vitro assays,
enabling the geometric and probabilistic mapping of antifungal
action as described in the manuscript.

Chemical screening was designed as a single fixed-dose primary
screen (with a matched vehicle control) to enable standardized
mechanistic comparison across chemistries without introducing
additional assumptions from dose selection and curve-fitting.
Accordingly, the present study does not aim to report chemical
ECs values; instead, it establishes a portable A-/-p coordinate sys-
tem computed from unitless treated-to-control ratios at the
screening dose. Dose-dependent trajectories are explicitly dem-
onstrated in the independent UV-C exposure-time gradient anal-
ysis, showing that the same A-/-p definitions apply pointwise in
dose-response settings.

2.2 Quantification of morphological metrics

2.2.1 Potency () and polarity (1) definition

In order to linearize and standardize comparisons, we first com-
puted the survival ratio (Sx) for a given metric k as the ratio of
the treated mean to the control mean:

Sk _ X ktreated

X k,control

Potency (1), representing growth suppression, was defined as
the negative natural log of the area survival ratio (Saea). This
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log-transform places suppression on an additive, linear scale
where 0 indicates no effect:

Aarea= —

In(sarea)

Polarity (/), a size-normalized measure of shape anisotropy, was
defined as the log-fold-change of the length-to-width ratio (LWR).
This log-ratio transform centers the comparison at 0 (no change in
shape) and makes increases and decreases interpretable on a
symmetric scale:

ILWR —In <LWRtreated)
I-WRcontroI

2.2.2 Mode-of-action vectorization
These two orthogonal metrics, Azrea and lpwr, Were used to define
a 2D MoA vector v=(Aarea, lLwr) for each isolate-compound pair.

The vector's magnitude, |v|=/ 4%, +/2ys quantifies the overall

effect size. The vector's angle, §=atan2(/wr, Aarea), defines the
action direction, distinguishing between pure potency (/~0) and
polarity disruption (/>0).

2.2.3 Axis-specific ratio reconstruction

In order to infer underlying geometric changes, we modelled the
colony as an ellipse where Area Axa-b (major axis a, minor axis b)
and LWR=a/b. Based on this assumption, the ratios of the treated
versus control axes (a;/a. and b;/b.) were algebraically derived
from the two primary metrics (Sarea and Sywr) as follows:

az
=V SareaSLWR

dc

b

Et =V Sarea/SLWR
C

where S\wr=LWRyeated/LWRcontrol. These ratios were used to
assess physical contraction along each axis. We constructed the
core A-I grammar from two morphology outputs that are
routinely available across platforms (area and LWR), enabling
low-barrier adoption without requiring additional assays. The
framework is modular: other quantitative phenotypes
(e.g. branching indices, sporulation counts, enzyme activity read-
outs) can be incorporated as additional coordinates or event def-
initions whenever such measurements are available, using the
same treated-to-control ratio logic and replicate-level counting
for probabilistic statements. Because this reconstruction uses an
ellipse approximation, the derived axis ratios should be inter-
preted as screening-level geometric surrogates rather than exact
physical measurements for highly irregular colonies. To evaluate
whether this simplification preserved the dominant geometry sig-
nal in the present dataset, we compared reconstructed axis ratios
against direct length- and width-based ratios computed from the
same isolate-treatment summaries (Supporting Information,
Fig. S1).

2.3 Probabilistic framework for event analysis

In order to move beyond mean-based comparisons, we operatio-
nalized a ‘polarity disruption event’ at the individual colony level,
defined, for the main chemical screen, as LWR > 7, where 7 is a pre-
defined operational threshold. The probability of this event, p, was

estimated as the observed frequency p=k/n (where k events
were observed in n replicates).

In order to provide rigorous statistical guarantees, we computed
the exact 95% confidence interval (Cl) for p using the Clopper-
Pearson ‘exact’ method.'® This method was specifically chosen
as it is robust for small sample sizes (n) and for probabilities near
0 or 1, which are common in control groups. The primary thresh-
old 7 =1.10 was used as a practical decision rule representing a
modest but directional departure from control-like colony shape,
whereas additional thresholds (z = 1.15 and 1.20) were evaluated
to determine whether the main treatment-control contrasts were
robust to stricter event definitions.

Sensitivity analyses were performed using three distinct thresh-
olds: 7=1.10,1.15and 1.20. To assess the dependence of event
frequency on threshold choice, we summarized matched treated
and control probabilities across 7 =1.10, 1.15 and 1.20, enabling
direct visual comparison of threshold sensitivity (Fig. S2). This sen-
sitivity analysis was used to verify whether the main treatment-
control contrasts remained interpretable under stricter event
definitions.

2.4 Cross-modal validation using a physical stressor (UV-

C) dataset

In order to demonstrate portability across stress modalities, we re-
analyzed a published UV-C dose-response dataset involving
cacao isolates (CGH5, CGH17, CGH34, CGH38, CGH53) and coffee
isolates (P23-55, P24-83, P24-85, P24-88, P24-193)."”*° For this
dataset, dose (d) was defined as exposure time (min). Because
the UV-C dataset provides a continuous gradient (0-30 min), we
computed A(d) and /(d) pointwise at each dose, enabling the visu-
alization of dose-dependent trajectories. This UV-C dataset there-
fore serves as an external dose-gradient validation of the A-I-p
grammar without requiring additional chemical dose-response
experiments. For event probability p(d), events were defined on
the polarity coordinate (/= Inz), which is algebraically consistent
with thresholding LWR in log-ratio space.

2.5 Practical implementation and resource requirements
Practical implementation requirements, outputs, and computa-
tional efforts compared to conventional potency-only screening
are summarized in Table 1.

3 RESULTS

3.1 A morphology-based coordinate system for

fungicide potency and mode-of-action

In order to complement conventional potency-only metrics, we
developed a framework to quantify antifungal responses using
two mechanistically informative coordinates: potency (growth
suppression) and polarity (shape disruption).

First, we mapped the potency landscape by calculating Aarea
(the negative log-transform of the area survival ratio). The result-
ing heatmap (Fig. 1) reveals significant isolate-dependent hetero-
geneity and highlights the superior potency of amide
formulations. Aarea Values spanned from —0.15 (slight growth pro-
motion) to a maximum of 0.67 at the CGH5-PhSOAM combina-
tion, corresponding to an area survival of S,e2~0.51 (a 49%
reduction relative to control). By contrast, the acid analogue
PhSOFA on the same isolate showed a much weaker
potency (41=0.38).

Second, to decouple this potency from shape-based mecha-
nisms, we projected each treatment pair into a MOA vector plane

Pest Manag Sci 2026; 82: 7995-8003

Published 2026. This article is a U.S. Government work

wileyonlinelibrary.com/journal/ps

and is in the public domain in the USA.



http://wileyonlinelibrary.com/journal/ps

®)
SCl

where science
meets business

WWW.S0Ci.org

E Ahn et al.

Table 1.

Aspect

Practical inputs, outputs and implementation effort of potency-only screening versus the A-/-p framework

Conventional potency-only screen

A-I-p framework

Primary experimental
input
Potency readout

treated vs control

at a fixed time/dose)
Geometry / mechanistic
separation
Axis-specific
reconstruction
Event-level inference

shape responses)
Not available

formal uncertainty bounds)
Cross-modal transfer /
dose trajectories
Added wet-lab cost —
Added analysis burden Basic spreadsheet summary

Colony imaging + area (growth) measurement;
Area survival ratio or % inhibition (often reported

Not quantified (potency-only collapses different

Typically not reported (or reported without

No standard way to compare across modalities

Same imaging; re-uses area plus simple anisotropy descriptor
(LWR) from the same images

A = =In(S,ea) (Monotonic transform of area survival; preserves
potency ranking)

I = In(LWR,/LWR,) separates polarity/anisotropy effects at
matched potency

Ellipse-model reconstruction: dratio = \/ Sarea-€’, bratio =1/ Sarea /€'

b "= Pr(event) with exact 95% Clopper—Pearson Cl across replicate
colonies; sensitivity across z.

Identical grammar applied pointwise to dose/time gradients: A(d),
I(d), p(d) (UV-C validation)

None (analysis-only; no additional assays required)

Provided scripts produce Data S1 (full reproducibility)

Note: The A-I-p framework requires no additional experimental assays beyond standard colony imaging; it re-uses routine image-derived features
(area and LWR) and replicate counting to provide potency (4), polarity (/) and event probability with exact confidence bounds (p).

Aarea = —IN(Sarea) heatmap
CGH17
CGH49 0.6
CGH5 0.5
P23-55 0.4
03
P24-192 4
02 <
P24-193
0.1
P24-83 0.0
P24-85 01
P24-88
Figure 1. Potency map (Aarea= — INSyrea). Heatmap of potency (Aarea)

over isolates and compounds. Values range from —0.15 to 0.67, with the
maximum potency (darkest red) observed at CGH5-PhSOAM=0.67
(Sarea~0.51). Acid analogues generally show smaller A values, and occa-
sional negative values (e.g. P24-85-BCBGFA = —0.15) indicate slight over-
growth relative to control.

(Aareas ILwr), Where I wgr quantifies the log-ratio change in the LWR
(Fig. 2). This vector field clearly shows that most treatment vec-
tors, particularly the amides (PhSOAM/BCBGAM), occupy the
(+4, +) quadrant. This indicates concurrent growth suppression
(4>0) and polarity disruption (I.yg>0), visually separating them
from their acid counterparts, which clustered closer to the x-axis
(potency-only).

Importantly, because A is defined as A = —In(S4rea), it is @ mono-
tonic transform of the standard area-based inhibition readout and
therefore preserves the same treatment ranking as conventional
potency-only screening. The added coordinates / and p, however,
provide mechanistic and reproducibility information that potency
alone cannot: for example, two treatments can exhibit similar A
yet diverge in /, indicating distinct geometry-altering effects. We
highlight representative examples in the main text and

summarize additional cases in Table S1. This added resolution
enables mechanistic triage at the primary-screen stage without
requiring new assays. For example, on isolate CGH49, PhSOAM
and PhSOFA show similar potency (4 = 0.226 versus 0.208) but
markedly different polarity (/ = 0.121 versus 0.032), which would
be treated as ‘similar’ under potency-only screening yet clearly
diverges under the A-I map.

3.2 Cross-modal validation shows that the i-I-p

grammar is portable from fungicides to UV-C stress

We next tested if our A — | — p grammar could be generalized from
chemical stressors to physical stressors using a published UV-C
dataset.'” The analysis demonstrates that our framework is porta-
ble. Potency (4) increased clearly in a dose-dependent manner
with UV-C exposure time [Fig. 3(a)l. Polarity (ILwr), the metric of
‘how’ the fungus fails, also exhibited consistent, nonzero
dose-dependent shifts [Fig. 3(b)]. Finally, the probabilistic event
framework was validated using the Coffee ~10 min cohort by esti-
mating the probability of a shape-disruption event (/I=In =,
7=1.10) and its exact 95% Clopper-Pearson confidence bounds
[Fig. 3(c)]. This confirms that our framework successfully maps
‘how much’ (1), ‘how’ (/) and ‘how often’ (pA) for both chemical
and physical modalities, demonstrating that the A-I-p grammar
is portable across stress types. Note that, for the chemical screen,
we operationalized events on the absolute LWR scale (LWR > 1),
whereas for the UV-C dataset, we defined events directly on
I (I=In7); because I is the log-ratio of LWR, these two definitions
quantify the same underlying polarity-disruption phenomenon
in algebraically linked coordinates.

3.3 Geometric reconstruction links polarity disruption to
physical axis contraction

In order to understand the physical meaning of the /wr (polarity)
signal, we reconstructed the individual major (a;/a.) and minor
(bt/bc) axis ratios. This decomposition confirmed that the
observed polarity shift corresponds to a tangible geometric failure
mode (Fig. 4). For representative isolates (e.g. P24-193), amides
induced bidirectional suppression, with both axis ratios falling
below 1.0, linking the positive /wg signal to a cooperative
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Figure 2. MoA vector field (potency versus polarity). Each arrow originates at (0,0) and points to (Aarea, /Lwr) for an isolate-compound pair. A,res (X-axis)
quantifies potency, while I wg (y-axis) quantifies shape anisotropy (polarity disruption). The consistent clustering of amide treatments in the first quadrant
(+4, +/) indicates a distinct mechanism defined by concurrent potency and polarity disruption.

suppression of colony geometry. The reconstructed major- and
minor-axis ratios across all isolate-treatment pairs are provided
in Fig. S3. Although the axis ratios were derived under an ellipse
model, the reconstructed values closely matched direct length-
and width-based ratios across isolate-treatment summaries
(r=0.993 for the major axis and r=0.997 for the minor axis;
Fig. S1), supporting the use of the reconstruction as a compact
surrogate for axis-specific geometry in this screening context.

3.4 Event-level bounds provide probabilistic endpoints

for antifungal screening

Finally, to translate mean-level effects into reproducible claims,
we operationalized polarity disruption as a discrete ‘event’
[P(LWR=7))] and calculated its probability with exact 95%
Clopper-Pearson confidence bounds. The complete list of repli-
cate counts (n), event counts (k), estimated probabilities (p),
and exact 95% Cls for all thresholds is provided in Data S1. At
the primary threshold z=1.10 (Fig. 5), PhSOAM yielded high
event probabilities in multiple isolates, including CGH5 (p"=0.75),
P24-88 (p"=0.70) and CGH49 (p"=0.58), whereas vehicle-only
controls remained lower than the strongest PhSOAM-treated
groups (control probabilities at z=1.10 were generally 0.00-0.25
and decreased further under stricter thresholds; Data S1). The
main pattern was not restricted to a single operational cutoff.
When the event threshold was varied from 7=1.10 to 1.15 and
1.20, absolute probabilities decreased as expected under stricter
criteria, whereas the main treatment—control contrasts remained
visible for the strongest combinations (Fig. S2).

Together, the maximal potency (1=0.67 at CGH5-PhSOAM)
(Fig. 1), the MoA vector pattern (Fig. 2), the physical axis contrac-
tions (Fig. 4) and the high event-probability gaps at z=1.10 (Fig. 5)
collectively indicate that amide chemistries, especially PhSOAM,
produce stronger growth suppression coupled with reproducible,
geometrically-defined polarity disruption across diverse isolates.

4 DISCUSSION

This work introduces a new way to quantify and interpret antifun-
gal responses from colony morphology. For decades, the field has
relied on scalar metrics such as ECs, or MIC, which summarize
potency in a single number." Although these endpoints are useful,
they do not explicitly capture the geometry-linked response pat-
terns analyzed here. Our study complements this scalar view with
a multidimensional grammar composed of three components:
potency (4), polarity-linked direction (/) and event probability (p).
By projecting antifungal treatments into this coordinate system,
we separate how strongly a treatment acts at the tested condition
from whether it is associated with directional geometry change.
Importantly, this grammar is not limited to the present chemical
screen. By re-analyzing a published UV-C dataset,'” we showed that
the A-I-p framework also captures dose-dependent potency A(d),
polarity shifts /(d) and probabilistic failure events p(d) under an inde-
pendent physical stressor [Fig. 3(A)—(C)]. This cross-modal coherence
supports the framework's use as a portable screening language.

4.1 The MoA vector field: a new map for antifungal
mechanisms

The potency heatmap (Fig. 1) confirms the value of A, as a
robust potency coordinate for ranking antifungal strength at the
tested condition, revealing PhSOAM as a highly potent treatment
for specific isolates (for example, A = 0.67 for CGH5). However,
this map alone does not explain why a treatment is potent. That
information resides in the MoA vector field (Fig. 2), which serves
as the centerpiece of our framework.

This map reveals a clear qualitative separation between chemi-
cal classes. Amide treatments (PhSOAM, BCBGAM) consistently
cluster in the (+4, +/) quadrant, defined by concurrent potency
(4> 0) and polarity disruption (/,wg>0). By contrast, their acid
counterparts (PhSOFA, BCBGFA) cluster near the x-axis, exhibiting
potency but lacking a consistent polarity signal. This is an
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Figure 3. Cross-modal validation of the 1 — I — p grammar using a re-analyzed UV-C dataset. (a) Potency [A(d)] increases with UV-C exposure time
(in min) for Cacao isolates. (b) Polarity [/(d)] shows corresponding dose-dependent shifts. (c) Event-level bounds for shape disruption

pi+95 % Clat/ > In(1.10) in Coffee isolates at ~10 min UV-C.

important finding: amides are not only stronger than acids in sev-
eral isolate backgrounds, but also occupy a different region of the
A-I plane. This aligns with structure-activity relationship (SAR)
studies showing that converting acids to amides can dramatically
alter bioactivity.3**' Our findings, interpreted alongside prior
work on phenolic-branched fatty amides and related
derivatives,?*?52% suggest that this modification is associated
with a ‘polarity-disruptive’ (high-/) phenotypic component.

This framework provides a quantitative tool for SAR-orientated
comparison based on action direction as well as potency, allowing
compounds to be grouped in the A-/ plane rather than evaluated
by potency alone. From a crop-protection perspective, this map
therefore functions as a screening tool rather than a purely descrip-
tive construct. Compounds that fall into distinct regions of the A-/
plane represent candidates with potentially novel or under-exploited
MoAs, even when their scalar potency is similar. In particular, the con-
sistent placement of amide chemistries in the ‘polarity-disruptive’
quadrant indicates that their activity is not fully summarized by
potency alone, which is relevant for resistance-management con-
texts that seek chemically distinct response patterns.

4.2 From abstract signal to physical reality
The ‘polarity’ signal (I,wg>0) is not merely a statistical abstraction.
Our axis-specific reconstruction (Fig. 4) provides its physical

validation. It indicates that a positive /I wr (increased elongation)
is not a result of the colony growing longer, but rather a bidirec-
tional axis contraction where the minor axis (b;/b.) contracts
more severely than the major axis (at/ac). This concept of linking
quantitative metrics to physical geometry is supported by biome-
chanical models of hyphal tip growth® and colony pressure profil-
ing.? Our A —/ map provides a high-throughput readout for this
geometric failure mode, linking the abstract /g coordinate to a
testable physical ‘pinching’ phenotype associated with amide
treatment in this dataset.

Furthermore, the probabilistic event analysis (Fig. 5) provides
quantitative support that this failure mode is reproducible at the
replicate level. By showing that p(LWR = 1.10) is high for PhSOAM
(e.g. p"~0.75 for CGH5, p"~0.70 for P24-88 and p"~0.58 for
CGH49) while remaining lower in matched controls, we show that
this pattern is not driven by a few extreme outliers but is detect-
able at the population level. This shifts the interpretation from
simple significance testing toward explicit replicate-level event
frequencies with exact confidence intervals, yielding a more
transparent and reproducible description of failure incidence.
The ellipse-model reconstruction is intentionally a low-parameter
approximation, not a full contour-recovery model. However, its
strong agreement with direct length- and width-based ratios in
the present dataset (Fig. S1) indicates that the inferred axis
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Figure 4. Axis-specific suppression (a;/a., b;/b.). Paired bars per isolate reconstructing the major-axis (a:/a.) and minor-axis (b;/b,) ratios relative to
control. These ratios are derived from area survival (S,ea) and the LWR ratio exp (/) under the ellipse model. Ratios <1.0 indicate contraction along that axis.
The representative panel for P24-193 shows bidirectional axis contraction (< 1.0) for most treatments. Analogous panels for all isolates are available in

Fig. S3.
CGH17
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Figure 5. Event-level bounds p(LWR = 1.10). Heatmap of the estimated
probability (p) of a polarity disruption event, defined as a colony LWR
> 1.10. This representation converts shape disruption into a replicate-level
probabilistic endpoint. Sensitivity analyses across z=1.10-1.20 showed
the expected decrease in absolute probabilities under stricter thresholds
while preserving the main treatment-control contrasts for the strongest
combinations (Fig. S2). Exact counts (n, k) and 95% Clopper—Pearson Cls
are provided in Data S1.

asymmetry captures a real and reproducible geometric trend
rather than a purely algebraic artifact.

4.3 A portable grammar for fungal stressors

Perhaps the most significant implication of this framework is its
generality. Because the metrics (4, I wr) are derived from unitless
ratios, they are instrument-agnostic and pathosystem-agnostic.
By extending the p-axis to an /-based event under UV-C [Fig. 3

(c)], we show that the A-/-p grammar operates coherently across
chemical and physical stressors, supporting its use as a cross-
modal comparative language.

This is crucial, as fungi are known to mount distinct genomic
and metabolic responses to different environmental insults, such
as osmotic, oxidative or chemical stress.>>3** Our A — | map offers a
path to capture these distinct responses as unique ‘phenotypic
fingerprints’ captured by the A-I-p coordinates. The 4 of a chem-
ical in this study can be directly compared to the 4 of a UV-C dose
or the 4 of a biocontrol agent.'® This creates a framework in which
one can ask comparative questions, such as “Does Trichoderma
exhibit a / (polarity) similar to PhSOAM?” or “What dose of UV-C
achieves a similar 4 (potency) as BCBGAM, and does it induce a
similar .wr (polarity disruption)?” This provides a unified compar-
ative language for image-based antifungal screening across mul-
tiple stress contexts.

4.4 Limitations and future directions

A limitation of the main chemical screen is that it was based on
endpoint data from a single dose. However, we successfully dem-
onstrated the framework's broader power on dose-response data
using the external UV-C validation set (Fig. 3). This validation con-
firmed that both potency [A(d)] and polarity [/(d)] are indeed dose-
dependent. A clear future direction is to apply this dose-response
approach to the chemical screening itself. Generating multidose
chemical series for promising compounds (e.g. the amides) is
essential. This approach, standard in pharmacokinetic/
pharmacodynamic (PK/PD) modelling, would allow potency and
polarity to be tracked across chemical dose series rather than
inferred from a single screening dose.>>>® A schematic illustrating
how the same grammar extends to multidose chemical series is
provided in Fig. S4. Likewise, the event threshold should be
viewed as an operational decision rule rather than a universal
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biological constant; in the present dataset, however, the major
event-probability patterns remained interpretable across
7=1.10-1.20 (Fig. S2).

Second, time-lapse analysis is needed to validate the geometric
reconstruction, testing the hypothesis that the minor axis (b) con-
tracts before the major axis (a) under amide treatment. This is nec-
essary to capture dynamic, nonlinear growth patterns, such as tip
lysis and regeneration,®” and is now feasible with modern image
analysis toolboxes.>®

Although A-/-p is designed to extract mechanistic information
from minimal image-derived morphology outputs, it does not
by itself replace downstream physiological measurements
(e.g. branching, sporulation, enzyme activity). Integrating such
phenotypes is an important future direction and is naturally sup-
ported by the modular structure of the framework, but it would
require additional targeted assays beyond the present dataset.
Nevertheless, even with minimal morphological inputs, the
framework provides high resolution: additional examples of
near-equal potency (small |A4|) but divergent polarity (|Al|) are
provided in Table S1.

Finally, this phenotypic framework must be linked to its molec-
ular drivers. Our results suggest that the amide-associated / g
signal may function as a morphological readout of perturbation
in cell wall-associated processes and/or the polarized growth
machinery that governs fungal morphogenesis. This interpreta-
tion is consistent with current views of the fungal cell wall as a
dynamic, shape-defining structure coupled to growth direction
and mechanical regulation, in which chitin- and glucan-based
remodelling influences morphogenesis and stress adaptation.>*

In support of this general link, antifungal stress has been associ-

ated with cell wall remodelling, altered chitin/glucan balance
and morphology-related tolerance responses,®® and fungicide-
induced hyphal abnormalities have been reported together with
increased cell wall labelling for chitin and g-1,3-glucan.*’ We also
note that related antifungal chemotypes have been linked to cell
wall disruption, and the fungal cell wall remains a well-established
antifungal target.**** However, in the present dataset, this
remains a hypothesis rather than a demonstrated molecular
mechanism.

5 CONCLUSION

This study complements potency-only screening summaries by
introducing a framework that integrates potency, polarity-linked
geometry change, and event frequency. In the present dataset,
this framework separated amide and acid chemistries in the A-/
plane, linked polarity shifts to axis-specific geometric contraction,
and quantified replicate-level event frequencies with exact confi-
dence bounds. By expressing colony responses in a common A-
I-p coordinate system, the approach provides a portable lan-
guage for comparing image-derived antifungal responses across
chemical and physical stress contexts, while remaining compati-
ble with conventional screening workflows.
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