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Abstract

Background There is a new framework from the United States government for screening synthetic nucleic acids.
Beginning in October of 2026, it calls for the screening of sequences 50 nucleotides or greater in length that are
known to contribute to pathogenicity or toxicity for humans, regardless of the taxa from which it originates. Distin-
guishing sequences that encode pathogenic and toxic functions from those that lack them is not simple.

Objectives Our project scope was to discern, describe, and catalog sequences involved in microbial pathogenesis
from the scientific literature. We recognize a need for better terminology to designate pathogenic functions that are
relevant across the entire range of existing parasites.

Methods We canvassed publications investigating microbial pathogens of humans, other animals, and some plants
to collect thousands of sequences that enable the exploitation of hosts. We compared sequences to each other,
grouping them according to what host biological processes they subvert and the consequence(s) for the host. We
developed terms to capture many of the varied pathogenic functions for sequences employed by parasitic microbes
for host exploitation and applied these terms in a systematic manner to our dataset of sequences.

Results/Conclusions The enhanced and expanded terms enable a quick and pertinent evaluation of a sequence’s
ability to endow a microbe with pathogenic function when they are appropriately applied to relevant sequences. This
will allow providers of synthetic nucleic acids to rapidly assess sequences ordered by their customers for pathogenic
capacity. This will help fulfill the new US government guidance.
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Background

In April 2024, a new framework for nucleic acid syn-
thesis screening was issued by the White House Office
of Science and Technology Policy (OSTP). The purpose
was “..to encourage providers of synthetic nucleic acid
sequences to implement comprehensive, scalable, and
verifiable synthetic nucleic acid procurement screen-
ing mechanisms...[to] minimize the risk of misuse” [1].
This framework formalized, as a condition of receiv-
ing life sciences research funding from the US govern-
ment, the October 2023 guidance from the Department
of Health and Human Services (DHHS) to Providers and
Users of Synthetic Nucleic Acids [2]. That framework
calls for providers of synthetic nucleic acids to screen
ordered sequences 200 nucleotides or longer to iden-
tify sequences of concern (SoCs). Until October 2026,
SoCs are defined as sequences that are best matches to a
sequence of the Biological Select Agents and Toxins List
or, for international orders, the Commerce Control List
except when the sequence is also found in an unregu-
lated organism or toxin. In October 2026 the sequence
length to be screened will decrease to 50 nucleotides and
SoCs will be defined as sequences known to contribute
to pathogenicity or toxicity, even when not derived from
regulated biological agents [1].

The phrase “known to contribute” is described, in
both the OSTP and DHHS policies, as requiring pub-
lished experimental data and, where such data is lack-
ing, based on similarity (“best match”) to a sequence
encoding a verified pathogenic or toxic function. We
have been involved in efforts to collect and describe the
roles of these sequences in pathogenesis and toxicity
for programs funded by the United States Government,
including the Functional Genomic and Computational
Assessment of Threats (Fun GCAT) program of the Intel-
ligence Advanced Research Project Activity (IARPA) [3].
From 2017 to 2022, the computational portion of the
Fun GCAT program funded tool development to answer
three questions about any given sequence: (1) what is the
original taxon? (2) what are its biological functions? and
(3) how dangerous is it? We observed that the danger
inherent in a sequence from a pathogen was dependent
on what anti-host functions it possessed. When consid-
ering the intelligent design of a microbe engineered for
human woe, if a sequence had a concerning function
in one organism, then it seemed reasonable to assume
that function could be maintained when transferred to
another organism. Through extensive review of the litera-
ture, we came to realize that ‘dangerous’ sequences were
found primarily among virulence factors from pathogenic
microbes and secondarily from venom-producing taxa.

Pathogenic microbes—viruses, bacteria, fungi, and
protozoa—cause an array of human diseases. Pathogens
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are distinguished from their nonpathogenic relatives,
including nonpathogenic strains of the same species, by
specific molecules (carbohydrates, lipids, proteins and
combinations thereof as well as small RNAs) that endow
them with the capacity to exploit particular hosts [4,
5]. These sequences, often called virulence factors, play
essential roles in infectious disease [6].

As we attempted to categorize ‘dangerous’ sequence
functions, we found that, for nonviral and nontoxic
sequences, there was no existing, standardized terminol-
ogy to distinguish those that were concerning from those
that were innocuous [7]. To remedy this, we developed
two controlled vocabularies: Functions of Sequences
of Concern (FunSoCs) [7, 8] and the Pathogenesis
Gene Ontology (PathGO) [9], then used these to label
sequences we had annotated from the published litera-
ture in microbial pathogenesis. Other groups were also
working on this in parallel [10].

Later, we realized a more universally applicable set of
terms was necessary to annotate sequences in public
databases. While FunSoCs were not meant to be a com-
prehensive set of descriptions, PathGO was established
to provide more granularity. Though it proved unsuitable
for annotating public datasets, PathGO did inform our
revision and expansion of the gene ontology (GO) terms
applicable to microbial pathogenesis. This article briefly
discusses FunSoCs and PathGO then analyzes our work
adapting GO biological process terms to make them per-
tinent to pathogenic functions of microbes.

FunSoCs

FunSoCs were a quick solution for our sequence-gath-
ering effort that began in 2018. As we have described
elsewhere, at that time there was no available con-
trolled vocabulary for denoting nonviral pathogenic
sequence activity [7, 11]. We binned sequences accord-
ing to what host biological process was affected: tran-
scription, translation, cell cycle, cytoskeleton dynamics,
the endomembrane system, autophagy, regulated cell
death, small GTPases serving as molecular switches, and
ubiquitination.

We also attempted to capture the pathogenic con-
sequences of the sequence activity. We categorized
sequences involved in adherence to host molecules, and
invasion of the host, and if they enabled active dissemi-
nation of the microbe through host barriers. Intracellu-
lar pathogens often hijack host cellular components to
develop a protected replicative compartment, which is
also a FunSoC category.

Sequences from pathogens that damage the host were
binned according to whether they (1) disabled a host
organ (2) lysed or otherwise killed the host cell (3) per-
meabilized tissue structures or (4) caused inflammation.
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The cause-and-effect for sequences associated with
inflammation can be particularly difficult to discern.
The natural consequence of the host detecting a micro-
bial component or microbial activity disrupting host
homeostasis (translation blockage, cytoskeleton disrup-
tion, organelle stress, etc.) is activation of pathways that
result in inflammatory damage to the host [12, 13]. This
is a host-directed, evolved activity. But a few pathogen
sequences enzymatically activate host signaling pathways
to force an inflammatory response [14—16]. We had the
most, and the most varied, FunSoCs for sequences that
affected host innate immunity. If the sequence altered
a microbial molecule so it was less detectable by a host
sensor, then it was categorized as passive immune eva-
sion. If the microbial sequence inactivated or disrupted a
host immune component or immune effector, then it was
categorized as immune subversion.

At the time of their generation, we recognized that
the ~30 FunSoC terms we developed did not provide a
sufficiently granular description of sequences of concern.
They were nevertheless useful for denoting consequences
of the action of microbial virulence factors during patho-
genesis that it was otherwise hard to capture. Many are
helpful as grouping terms [7, 8], though some, such as
“subverting host innate immune signaling” were intoler-
ably broad as they encompassed dozens of discrete cel-
lular signaling pathways (see Table 5 below).

Ontologies for the life sciences—representing microbial
pathogenesis

Ontologies are structured vocabularies that define con-
cepts — and relationships between concepts — in a par-
ticular domain. Their structure allows computers to
reason over them, and the biomedical informatics com-
munity has long recognized the utility of ontologies in
aggregation and analysis of complex data [17]. Microbial
pathogenic processes differ from homeostatic processes
occurring in a single organism as the activity of toxins
and virulence factors involve at least two sequences from
different organisms interacting in the space of the target
organism, posing a challenge for ontological representa-
tion. While GO represents inter-species interactions [18,
19], the terms are broad and have lacked specificity for
pathogenicity over mutualistic interactions [20]. They
have also failed to differentiate intra-organism (homeo-
static) versus inter-organism effects (mutualistic or path-
ogenic). PathGO was an initial attempt to incorporate
pathogenic interactions between microbes and hosts.

PathGO

PathGO was developed as an application ontology
describing mechanisms of pathogenesis to support
the straightforward, unambiguous annotation of viral,
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eukaryotic, and bacterial genes. This application ontology
fills a previously recognized gap for a focused ontology
of to improve sequence annotation related to mecha-
nisms of pathogenesis [20]. PathGO has been maintained
in a public source code repository on GitHub (https://
github.com/jhuapl-bio/pathogenesis-gene-ontology) [9].
PathGO utilizes a Web Ontology Language (OWL)-based
data model to represent knowledge related to mecha-
nisms of pathogenesis and observes principles set forth
by the Open Biomedical Ontologies (OBO) Foundry,
which aims to promote standardization and interoper-
ability for biomedical ontologies [21]. Mechanisms of
pathogenesis are specified where a mechanism is con-
sidered to be “the means by which an effect is produced
or brought about” The term space is organized in two
branches that separate direct and indirect mechanisms
of pathogenicity. These two terms contain thirteen and
eight first level children, respectively, (Fig. 1) that capture
the breadth of known mechanisms with depth elaborated
through expansion of subclass hierarchies.

The gene ontology and biological process terms detailing
pathogenic mechanisms

The Gene Ontology is a data framework representing bio-
logical systems, ranging from the molecular to the organ-
ism level, in a species-agnostic manner. As of November
2024, GO contains over 40,000 concepts encompassing
signaling and metabolic pathways, developmental pro-
cesses, cell cycle, etc. (https://release.geneontology.org/
2024-11-03/index.html). GO has three aspects which
form axes that should provide a complete picture of the
function of a gene:

1) Molecular Functions represent activities performed
by gene products, such as “catalysis” or “transcription
regulator activity”

2) Biological Processes signify ‘biological programs’
accomplished by the concerted action of multiple
molecular functions

3) Cellular Components denote the cellular location in
which the molecular function of the gene product
occurs

For Sequences of Concern, the main relevant branch
of GO is GO:0044003 symbiont-mediated perturba-
tion of host process. Most of the developed GO terms
are shown in Tables 1, 2, 3, 4, 5, 6, 7, and 8. Molecularly,
the function of the SOC can be any GO Molecular Func-
tion, since these are not restricted to interspecies inter-
actions: for example, GO:0016248 channel inhibitor
activity, GO:0010856 adenylate cyclase activator activity,
GO:0090729 toxin activity. Since these are orthogonal
to the BP aspect or a gene product’s function, any one of
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direct mechanism of pathogenicity

disrupts cellular metabolism in another organism
disrupts cellular signaling in another organism
disrupts cellular structure in another organism
disrupts cellular transport in another organism
disrupts membrane potential in another organism
disrupts tissue structure in another organism
mediates dissemination in another organism

' mediates host cell invasion

modulates apoptosis in another organism

modulates cell cycle in another organism

modulates cell endomembrane dynamics in another organism
modulates coagulation in another organism

modulates immune function in another organism

irect mechanism of pathogenicity
enables adhesion
mediates effect in other organism following secretion from parasite

" mediates secretion of protein effectors

i

mediates toxin synthesis

modifies parasite molecule to decrease host immune recognition

modulates expression of genes that mediate pathogenesis in another organism
potentiates activity of effector molecule that acts in another organism

' promotes survival in host

Fig. 1 Tree view of PathGO terms. Left: Top level Structure. Right: First level substructure in direct and indirect mechanism branches

Table 1 Damage to host from cytotoxicity and cell
permeabilization

GOID GO Term

GO:0001897 symbiont-mediated cytolysis of host cell
GO:0001907 symbiont-mediated killing of host cell
GO:0044658 pore formation in host by symbiont

GO:0141130 symbiont-mediated inactivation of host ribosome
GO:0141042 symbiont-mediated cAMP intoxication of host cell
G0:0052009 symbiont-mediated disruption of host cell wall

Table 2 Damage to host tissue

GO:0141139  symbiont-mediated disruption of host mucosa
GO:0141146  symbiont-mediated disruption of host tissue
GO:0141023  symbiont-mediated disruption of host cell-cell adhesion
GO:0141041 disruption of extracellular matrix of another organism

Table 3 Damage to host from inflammation

GO:0141079 symbiont-mediated activation of host inflammas-
ome-mediated signal transduction

GO:0085033 symbiont-mediated activation of host NF-kB cascade

GO:0141071 symbiont-mediated activation of host MAPK cascade

these functions can be combined with any BPs from the
G0:0044003 symbiont-mediated perturbation of host
process GO branch.

GO recently narrowed and clarified the definition of
a biological process (one of the 3 GO ‘aspects [21]; see
Gaudet et al., 2017 for more details about the organiza-
tion of the GO) [22], as “the execution of a genetically-
encoded biological module or program. It consists of all
the steps required to achieve the specific biological objec-
tive of the module. A biological process is accomplished
by a particular set of molecular functions carried out by
specific gene products (or macromolecular complexes),
often in a highly regulated manner and in a particular
temporal sequence.” [23] This led to the removal (obsole-
tion) of a number of terms that were groupings of simi-
lar phenotypes rather than biological programs, such
as some signaling or developmental pathways. One of
these terms was “pathogenesis” (G0O:0009405), which
was removed in 2021. At the time of its obsoletion, over
277,000 UniProt accession numbers were annotated with
the term [7]. The overwhelming number of cases resulted
from automated annotations of UniProt entries contain-
ing the UniProt keyword “Pathogenesis” The term was
out of scope for GO since pathogenesis does not describe
a set of coordinated activities leading to the execution of
a biological program. The annotated genes were a mixed
bag of sequences that either interfered with host function
or affected the symbiont’s fitness. Moreover, because the
term was so broad, it was impossible to assess from these
annotations how the sequence was involved in patho-
genesis, what was the targeted host sequence or system,
and what was the targeted host taxon. Finally, this term
had no children that could have provided more pertinent
information.
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Table 4 Immune evasion, passive

GOID GO Term

GO0:0039699 symbiont-mediated evasion of MRNA degradation by host via mRNA cap methylation
GO:0141141 symbiont-mediated evasion of recognition by host pattern recognition receptor
GO:0141178 symbiont-mediated evasion of recognition by host complement

GO:0141179 symbiont-mediated evasion of recognition by host antimicrobial peptide

Table 5 Subversion of host immune signaling

GOID GO Term

GO:0141105 symbiont-mediated suppression of host toll-like receptor signal transduction

GO:0039537 symbiont-mediated suppression of cytoplasmic pattern recognition receptor signaling pathway

G0O:0039723 symbiont-mediated suppression of host cytoplasmic pattern recognition receptor signaling pathway via inhibition of TBK1 activity
G0O:0039724 symbiont-mediated suppression of host cytoplasmic pattern recognition receptor signaling pathway via inhibition of IKBKE activity
GO:0140886 symbiont-mediated suppression of host interferon-mediated signaling pathway

GO:0141080 symbiont-mediated activation of host interferon signaling pathway

GO:0039502 symbiont-mediated suppression of host type | interferon-mediated signaling pathway

GO:0140884 symbiont-mediated suppression of host type Il interferon-mediated signaling pathway

GO:0140885 symbiont-mediated suppression of host type Il interferon-mediated signaling pathway

G0:0039548 symbiont-mediated suppression of host cytoplasmic pattern recognition receptor signaling pathway via inhibition of IRF3 activity
GO:0039557 symbiont-mediated suppression of host cytoplasmic pattern recognition receptor signaling pathway via inhibition of IRF7 activity
GO:0039514 symbiont-mediated suppression of host JAK-STAT cascade

GO:0039560 symbiont-mediated suppression of host JAK-STAT cascade via inhibition of host IRF9 activity

GO:0039574 symbiont-mediated suppression of host JAK-STAT cascade via inhibition of host TYK2 activity

GO:0039576 symbiont-mediated suppression of host JAK-STAT cascade via inhibition of JAKT activity

G0O:0039562 symbiont-mediated suppression of host JAK-STAT cascade via inhibition of STAT activity

G0O:0039563 symbiont-mediated suppression of host JAK-STAT cascade via inhibition of STAT1 activity

GO:0039564 symbiont-mediated suppression of host JAK-STAT cascade via inhibition of STAT2 activity

GO:0141074 symbiont-mediated suppression of host cGAS-STING signal transduction

GO:0141078 symbiont-mediated suppression of host RIG-I signaling pathway

G0O:0039540 symbiont-mediated suppression of host cytoplasmic pattern recognition receptor signaling pathway via inhibition of RIG-I activity
GO:0039554 symbiont-mediated suppression of host cytoplasmic pattern recognition receptor signaling pathway via inhibition of MDA-5 activity
GO:0039545 symbiont-mediated suppression of host cytoplasmic pattern recognition receptor signaling pathway via inhibition of MAVS activity)
G0:0039580 symbiont-mediated suppression of host PKR/elFa signaling

GO:0085032 symbiont-mediated perturbation of host NF-kB cascade

GO:0085034 symbiont-mediated suppression of host NF-kB cascade

G0:0052080 symbiont-mediated perturbation of host MAPK cascade

GO:0141070 symbiont-mediated suppression of host MAPK cascade

GO:0141072 symbiont-mediated suppression of host tumor necrosis factor signaling pathway

GO0:0039527 symbiont-mediated suppression of host TRAF-mediated signal transduction

G0O:0039579 symbiont-mediated suppression of host ISG15-protein conjugation

GO:0141135 symbiont-mediated suppression of host chemokine signal transduction pathway

GO:0141081 symbiont-mediated suppression of host inflammasome-mediated signal transduction

GO:0141083 symbiont-mediated suppression of host reactive oxygen species generation

For broader adoption of the knowledge gained during (GO) biological process terms under GO:0044419: “bio-
sequence annotation for the IARPA Fun GCAT project logical process involved in interspecies interaction
as reflected in the terms that were developed (FunSoCs  between organisms”. GO is widely used and interoperable
and PathGO), it was decided to revise the gene ontology  with other resources and ontologies. PathGO was limited
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Table 6 Subversion of host immune effectors

GOID GO Term

GO:0141140 symbiont-mediated suppression of host immunoglobulin-mediated immune response

GO:0141114 symbiont-mediated suppression of host complement activation

GO:0141115 suppression of complement activation by another organism by inactivation of complement proteins
GO:0141116 suppression of complement activation by another organism by complement sequestering

GO:0141117 symbiont-mediated suppression of host complement activation by recruitment of complement control protein
GO:0141203 symbiont-mediated suppression of host complement activation by recruitment of host proteases

GO:0052067 symbiont-mediated perturbation of host phagocytosis

GO:0141073 symbiont-mediated perturbation of host opsonization

GO:0141145 symbiont-mediated suppression of host neutrophil extracellular trap formation

GO:0140133 symbiont-mediated suppression of host cytokine production

GO:0141173 symbiont-mediated suppression of host pro-inflammatory cytokine signaling

GO:0141174 symbiont-mediated suppression of host anti-inflammatory cytokine signaling

GO:0141184 symbiont-mediated activation of host anti-inflammatory cytokine signaling

G0O:0039588 symbiont-mediated suppression of host antigen processing and presentation

GO:0046776 symbiont-mediated suppression of host antigen processing and presentation of peptide antigen via MHC class |
GO0:0039505 symbiont-mediated suppression of host antigen processing and presentation of peptide antigen via MHC class Il
GO:0141059 symbiont-mediated disruption of host antimicrobial peptide activity

GO:0141082 symbiont-mediated detoxification of host-generated reactive oxygen species

Table 7 Host invasion, adherence to host, dissemination in host

GOID GO Term

GO:0044409 entry into host

GO:0044417 translocation of molecules into host

GO:0141018 adhesion of symbiont to host via host extracellular matrix

GO:0141024 adhesion of symbiont to host cell surface via host membrane carbohydrate
GO:0141025 adhesion of symbiont to host cell surface via host glycoprotein
GO:0141026 adhesion of symbiont to host cell surface via host membrane cholesterol
GO:0035756 symbiont-mediated migration across host epithelium

GO:0044067 symbiont-mediated perturbation of host cell-cell junction

GO:0106259 symbiont mediated cell-to-cell migration in host

GO:0141142 symbiont-mediated migration across host tissue barrier

in that it mixed molecular function with biological pro-
cess terms so that they could not readily be imported
into GO. Instead of attempting to revise PathGO, it was
deemed more practical to transfer the relevant terms to
GO.

GO aims to describe the normal, evolved function of
genes. In the case of genes from pathogenic microbes that
adversely affect the host, these have apparently evolved
to exert these effects. They include suppressing immunity
and overcoming barriers for the sake of microbial coloni-
zation, replication, and transmission. Secondarily, these
effects produce a loss of homeostasis (=disease) in the
host.

GO has been described as “under-utilized for prokary-
otes, single-celled eukaryotic species, and viruses” when
compared to model multi-cellular eukaryote species [24].
Expanding the terms relating to pathogenic microbes
for GO should be useful for systems biologists and data
scientists interested in studying the biological processes
of infectious diseases. The Gene Ontology (GO) project
offers a structured network of interconnected ’terms’ or
‘classes’ that define the functions of gene products. It also
explicitly links these terms to the corresponding gene
products that perform these functions. This framework is
particularly tailored to facilitate the computational mod-
eling of biological systems across all organisms [21, 25].
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Table 8 Manipulation of host cell biology

GOID GO Term

GO:0052026 symbiont-mediated perturbation of host transcription

GO:0039604 symbiont-mediated suppression of host translation

GO:0141154 symbiont-mediated suppression of host-directed shutoff of host translation

GO:0039606 symbiont-mediated suppression of host translation initiation

GO:0141155 symbiont-mediated suppression of host translation elongation

GO:0052042 symbiont-mediated activation of host programmed cell death

GO:0052150 symbiont-mediated perturbation of host apoptosis

GO:0033668 symbiont-mediated suppression of host apoptosis

GO:0052151 symbiont-mediated activation of host apoptosis

GO:0044071 symbiont-mediated perturbation of host cell cycle progression

GO0:0039648 symbiont-mediated perturbation of host ubiquitin-like protein modification

G0O:0044082 symbiont-mediated perturbation of host small GTPase-mediated signal transduction
GO:0141127 symbiont-mediated perturbation of host Rab small GTPase signal transduction

GO:0044083 symbiont-mediated perturbation of host Rho small GTPase signal transduction

G0:0052025 symbiont-mediated perturbation of host cell endomembrane system

GO:0044075 symbiont-mediated perturbation of host vacuole organization

GO:0141157 symbiont-mediated suppression of host exocytosis

GO:0141158 symbiont-mediated suppression of host phagosome maturation

GO:0141159 symbiont-mediated suppression of host phagosome acidification

GO:0141160 symbiont-mediated disruption of host phagosome

GO:1,990,215 symbiont-mediated perturbation of host vesicle-mediated transport

GO:0141213 symbiont-mediated generation of symbiont-containing vacuole

GO:0052039 symbiont-mediated perturbation of host cytoskeleton

GO:0141028 symbiont-mediated perturbation of host microtubule cytoskeleton

GO:0141029 symbiont-mediated disruption of host focal adhesion

GO:0141030 symbiont-mediated perturbation of host actin cytoskeleton via filamentous actin depolymerization
GO:0141031 symbiont-mediated perturbation of host actin cytoskeleton via actin crosslinking
GO:0141032 symbiont-mediated perturbation of host actin cytoskeleton via actin filament reorganization
GO:0141033 symbiont-mediated perturbation of host actin cytoskeleton via actin polymerization
GO:0141034 symbiont-mediated perturbation of host actin cytoskeleton via inhibition of actin polymerization
GO:0075071 symbiont-mediated perturbation of host autophagy

GO:0140321 symbiont-mediated suppression of host autophagy

Annotating pathogenic functions with GO terms

This revision improved GO term structure, definitions,
and consistency in the biological process involved in
the interspecies interaction branch (GO:0044419).
During the course of the revision, we eliminated what
we felt were repeated, misleading phrases referring to
homeostatic regulation within an organism. We con-
cluded that these phrases, including “negative regula-
tion” and “positive regulation” should be avoided when
describing multiorganism species interactions because
the language of regulation is inappropriate for patho-
genic interactions, though it could be appropriate for
mutualistic or commensal interactions. For pathogen-
esis, the goals of the symbiont and the host are largely
in conflict, with the pathogenic symbiont attempting to
either subvert or evade the normal, evolved operations

of the host immune system while the host attempts to
limit pathogen spread within it, sometimes even suffer-
ing damage from its own response to the pathogen.

Terms describing multi-organism processes should
not obfuscate which organism has the initiative when
one of the two is responsible for the activity. To show
this, we have resorted to the syntax of “symbiont-medi-
ated” to indicate that a symbiont sequence is the insti-
gator. Previously developed terms such as “viral entry
into host cell” (GO:0046718) were written as agnostic
so as to “annotate both viral and host proteins partici-
pating in the entry process” [24].

In the course of renovating GO, we have begun strip-
ping from the term the type of microbe involved in
the interspecies interaction (viral, bacterial, protozoal,
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fungal). The taxon of the sequence involved in the
function described by the GO term can be determined
directly from the accession number of the sequences
specified. Moreover, making the terms more universal
will be useful for identifying commonalities between
microbial pathogens.

In authoring new terms for subversion of innate
immune signaling, we tried to reference each discrete
signaling component for cells that contribute to innate
immune defense. We also generated new terms for
sequences that (1) alter host cytoskeletal dynamics, (2)
enable ‘passive’ immune evasion by altering microbial
molecules so they are less detectable, (3) frustrate host
complement activity, (4) adhere to different types of host
cell surface molecules, and (5) change host endomem-
brane biology. We expanded terms to recognize different
host molecules to which microbial adhesins and attach-
ment proteins adhere (and attach), both on host cell and
within the extracellular matrix.

The syntax can be generalized as:

“symbiont-mediated (perturbation/ suppression/ acti-
vation) of host [biological process]”

These new terms capture discrete ways in which
sequences from microbial pathogens exploit specific host
processes so that both machines and humans can bet-
ter recognize them. Many of the terms are listed in the
tables in the following section where they are correlated
with the relevant FunSoC term. In addition, we include
a supplementary spreadsheet of 320 proteins from ~ 120
species (bacteria, viruses, protozoa, fungi, and a parasitic
fluke) each with a UniProt accession, and annotated with
95 of the terms, illustrating their use (Supplemental_JBS_
GO-PathGO_annotations_2.xlsx). GO can be down-
loaded at https://geneontology.org/docs/download-ontol
ogy/ and browsed at https://amigo.geneontology.org/
amigo. We hope these new and renovated GO terms will
lead to general improvements in SoC annotation in sec-
ondary and composite databases. We anticipate this will
allow bioinformaticians, systems biologists, and other
biological data scientists to investigate commonalities
across a range of hosts and symbionts.

New and renovated symbiont-host GO terms

In the following eight tables, 95 new and revised GO
terms that are children to “biological process involved
in interspecies interaction between organisms”
(GO:0044419) and directly relevant to microbial patho-
genesis are presented. Tables 1, 2, and 3 detail ways in
which a microbe can damage a host. Table 4 lists pro-
cesses relevant to how a microbe can evade the host
innate immune detection. Table 5 describes processes by
which a microbe can actively subvert host innate immune
signaling. Table 6 contains processes by which the
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symbiont frustrates host innate immune effectors down-
stream of signaling. Table 7 lists terms related to attach-
ment (adherence), invasion, and dissemination in a host.
Table 8 describes some of the ways in which a parasitic
symbiont can manipulate host cell biology.

Conclusion

To better understand and report on sequences of con-
cern, we have improved controlled vocabularies required
for an adequate description of interspecies pathogenic
interactions generating deleterious consequences for the
host. The set of GO terms we developed are appropriate
for describing the mechanisms of sequences that patho-
gens regularly deploy to infect hosts, whether animal or
plant. These terms enable the commonalities of the strug-
gle of pathogens with hosts to be captured and under-
stood. These include sequences used by pathogens to
overcome host barriers, subvert innate immune systems,
disseminate within hosts, and otherwise negatively affect
critical components of host organisms.

These new terms, specific to interspecies interactions
particular to microbial pathogenesis, provide a consistent
and defensible (when properly referenced) categoriza-
tion for sequences of concern. These terms are useful for
the systems biology of infectious diseases and can serve
as warning triggers for synthetic nucleic acid screening
under the new framework. If applied to a “broad enough”
set of sequences, then they might also be helpful for the
categorization of research for departmental review under
the 2024 OSTP United States Government Policy for
Oversight of Dual Use Research of Concern and Patho-
gens with Enhanced Pandemic Potential that will be in
effect in May 2025 [26]. These ontologies provide a con-
trolled but extensive vocabulary that can instantiate the
more abstract operative terms in these policies. In par-
ticular they clarify and resolve many of the ambiguities
in the terms “pathogenicity” and “toxicity” for microbes
and other organisms that can threaten human and ani-
mal health. We hope they will also enable a better under-
standing of anti-host microbial processes for infectious
disease data science in such a way that could lead to bet-
ter and more general countermeasures against ID. More
and better annotations of these sequences is needed
as the United States moves to a biosecurity regulatory
framework that considers more than simply the tax-
onomy of problematic microbes but how the sequences
mediating pathogenesis contribute to that state. The
work presented here aims to support these efforts.
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