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ABSTRACT The use of engineered nanomaterials (eNM) in consumer
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and industrial products is increasing exponentially. Our ability to rapidly

assess their potential effects on human and environmental health is
limited by our understanding of nanomediated toxicity. High-throughput
screening (HTS) enables the investigation of nanomediated toxicity on a
genome-wide level, thus uncovering their novel mechanisms and para-
digms. Herein, we investigate the toxicity of zinc-containing nanomater-

ials (Zn-eNMs) using a time-resolved HTS methodology in an arrayed
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screened against nanoscale zerovalent zinc (nZn), nanoscale zinc oxide (nZn0), and zinc chloride (ZnCl,) salt as reference. Through sequential screening

over 24 h, our method identified 173 sensitive clones from diverse biological pathways, which fell into two general groups: early and late responders. The

overlap between these groups was small. Our results suggest that bacterial toxicity mechanisms change from pathways related to general metabolic

function, transport, signaling, and metal ion homeostasis to membrane synthesis pathways over time. While all zinc sources shared pathways relating to

membrane damage and metal ion homeostasis, Zn-eNMs and ZnCl, displayed differences in their sensitivity profiles. For example, ZnCl, and nZn0 elicited

unique responses in pathways related to two-component signaling and monosaccharide biosynthesis, respectively. Single isolated measurements, such as

MIC or ICso, are inadequate, and time-resolved approaches utilizing genome-wide assays are therefore needed to capture this crucial dimension and

illuminate the dynamic interplay at the nano-bio interface.
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ithin the burgeoning field of
engineered nanomaterials (eNM),
zinc-containing nanomaterials
(Zn-eNMs), such as nanoscale zerovalent
zinc (nZn) and zinc oxide (nZnO), have
emerged among the most widely used
(http://www.nanotechproject.org) and
toxic." * Zn-eNMs are currently used in
consumer and industrial products such
as cosmetics, paints, plastics, tires, and
sunscreens and are being developed for
water disinfection and chemotherapeutic
applications.>~” Comprehensive identifica-
tion and understanding of Zn-eNM's toxicity
paradigms and mechanisms is crucial for
developing regulations for safer eNMs and
protecting ecological and human health.
Interestingly, while researchers have
observed toxic responses in organisms at
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every trophic level—including mammalian
cells, algae, bacteria, plants, crustacean, and
fish—the mechanisms of Zn-eNM toxicity
remain unresolved.>>%'°~'3 Despite explo-
ration of various toxicity mechanisms,
researchers remain divided on whether
toxicity results primarily from the release
of free Zn*" ions or unique Zn-eNM-specific
properties. For example, in eukaryotic cells,
researchers have observed DNA damage,
ROS generation, and membrane leakage
and depolarization after Zn-eNM exposure.”™*
George and co-workers showed the impor-
tance of ions by slowing the Zn?" release rate
from Zn-eNMs, which resulted in reduced
toxicity in lung epithelial and macrophage
cells.” In contrast, Lin and co-workers found
that limited dissolution of Zn®" in the culture
media did not allow ions to contribute to
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cytotoxicity in lung epithelial cells.'® Similar discrepan-
cies in toxicity mechanisms have been observed in
prokaryotes. Various studies observed that free Zn?" in
solution determined toxicity for Zn-eNMs.'” For exam-
ple, Li and co-workers showed that media components
that bound to the free zinc ions substantially reduced
their toxicity toward Escherichia coli (E. coli) cells."®
However, different studies of E. coli suggest that the
attachment of Zn-eNMs or their aggregates was re-
sponsible for toxicity, while others observed leakages
in the cell membrane after exposure to nZnO but not
from the respective salt, ZnCl,.>'"'? The observed
discrepancies highlight the need for a comprehensive
assessment of toxicity mechanisms.

Genome-wide high-throughput methodologies offer
a solution to this problem by enabling the examination
of all potential mechanisms in parallel.’® In contrast,
traditional toxicity assays examine a single toxicity
paradigm at a time and require a priori knowledge of
the target. Genome-wide approaches, such as micro-
arrays have been employed to track the response
of thousands of genes and pathways to Zn-eNMs
and other eNMs."®?° However, microarrays suffer
from the biases of DNA/RNA extraction and amplifica-
tion, do not reflect changes in translational and post-
translational modifications, and are unable to profile
dead cells in which degradation of mRNAs is prom-
inent.??> Furthermore, chip-based approaches typi-
cally only reflect a single time point due to cost and
labor constraints.2"?* Furthermore, the resulting single
time point measurements ignore temporal changes in
the eNMs stemming from aggregation, dissolution,
precipitation, eNM aging, or acquisition of coatings
which affect their interactions with cells.*?* Another
potential approach is the use of a collection of reporter
gene constructs utilizing green fluorescent protein
(GFP) fusions in E. coli to track differential gene expres-
sion in response to eNMs in a time-resolved manner.?
This methodology is limited as it only reports on a
selected subset of genes and is unable to measure
biological responses under lethal conditions. Further-
more, the selection of promoters for reporter genes
assumes some prior knowledge of the toxicity mecha-
nisms. In conclusion, complete toxicological assess-
ments of eNMs must utilize time-resolved genome-
wide high-throughput methodologies.

Here, we address the limitations of current ap-
proaches by employing a time-resolved high-through-
put screening (HTS) methodology using an arrayed
genome-wide E. coli knockout (KO) library to assess the
Zn-eNM stress response. Our approach does not re-
quire a priori knowledge of toxicity mechanisms, as the
library comprises roughly 4000 clones allowing for
nearly 90% of the E. coli genome to be scanned.”
Through this methodology, we explored the biological
responses of the model organism, E. coli, to Zn-eNMs
and salts on a genome-wide scale, identified sensitive
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pathways, and examined the changes in these mech-
anisms over time. Our results indicate that traditional
single time point measurements will continue to fail
to recognize these changes in toxicity mechanisms.
Our genome-wide time-resolved methodology, how-
ever, has the potential to provide a comprehensive
assessment of eNM toxicity, which is crucial for the
correct assessment of nanotoxicity and safe design of
eNMs, and may become the standard for eNM safety
profiling.

RESULTS

Overall Methodology. A time-resolved HTS methodol-
ogy using the Keio E. coli genome-wide KO clone
library was developed to examine the bacterial toxicity
of Zn-eNMs (nanoscale zerovalent zinc (nZn), nano-
scale zinc oxide (nZnO), and zinc chloride (ZnCl,) salt
for reference). As each clone lacks a single gene, the
sensitivity of multiple clones in a given pathway,
cellular compartment, or cellular process to a zinc
source suggests a particular toxicity paradigm or mech-
anism. This approach is in sharp contrast to conven-
tional approaches that typically screen for individual
targets. Furthermore, where conventional screens rely
on single time point measurements, our methodology
is based on screening across multiple time points and
concentrations. In short, our approach comprised two
stages, an initial KO screen to identify sensitive clones
(Figure 1A) and then secondary screening to deter-
mine 1Csq values for each clone to identify absolute
differences among clones (Figure 1B) at two time
points. Figure 1 summarizes the approach and results
of our methodology, and further details are elaborated
below and in the Materials and Methods section.

Physical —Chemical Properties. Both Zn-eNMS in pow-
der form exhibited large variation in size. The average
primary particle size reported by the manufacturer for
nZn and nZnO was 92.5 and 10.0 nm, respectively. In
the dry powdered form, both appeared aggregated
(Figure 2A). On the basis of FESEM observations, the
morphologies and sizes of both nanoparticles did not
vary significantly after suspending in Luria—Bertani
(LB) broth media (~100—160 nm). Observed particles
consisted of both insoluble Zn-eNMs and particles
formed by the reprecipitation of dissolved Zn?* with
counterions such as PO,>~ in LB media. Relative to Zn-
eNMes, precipitates formed by excess ZnCl, salts were
an order of magnitude smaller (18 + 4 nm).

During the 24 h incubation in LB, the zeta-potential
(~20 mV) of nZnO remained constant in LB, while
the zeta-potential of nZn decreased from —27.6 to
—17.5 mV nearing the range of nZnO (Table S1 in
Supporting Information). This suggests that an oxide
layer formed on the particles in solution. The aggregate
size of the particles as measured by hydrodynamic
diameter, however, increased initially but remained
consistent after 6 h of incubation (Table S1). Generally,
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Figure 1. Overview of experimental procedures and results. A high-throughput screening (HTS) methodology using an E. coli
genome-wide knockout (KO) clone library was developed to examine bacterial toxicity of zinc-containing eNMs (nanoscale
zerovalent zinc (nZn), nanoscale zinc oxide (nZn0O), and zinc chloride (ZnCl,) salt for reference). As each clone lacks a single
gene, the sensitivity of a group of related clones to a zinc source suggests a particular toxicity mechanism. This approach
comprised two components: (A) initial KO screen to identify sensitive clones and (B) determining ICs, values for each to
identify absolute differences among clones. In the KO screen (A), clone growth (ODgg0nm) after exposure to a single wild-type
1Cso concentration of each zinc source (nZn, nZnO, and the control, ZnCl,) was monitored over 24 h (t=6, 12, 18, and 24 h) (I,11).
The ratio of the log; ODgoonm Values of the exposed clones to the unexposed clones was used to normalize among clones.
Next, a Z-score methodology controlling experimental variation identified 173 clones displaying statistically significant
growth reduction (hits). Hierarchal cluster analysis (HCA) in combination with heat maps was used to identify trends among
sensitive clones (l1l). In addition to zinc source specific differences, many clones were only hits at early (6—12 h) or late (18—
24 h) times. Few were hits at both times, and hits from each time point represented different biological categories. These
sensitive clones were isolated from the library and subjected to further characterization (IV). Clone-specific ICs, concentrations
were determined at an early (8 h) and late (22 h) time point (B). In contrast to the relative metrics used in the initial screening, the
absolute metric of ICsy was determined for comparison. Clones were exposed to 10 concentrations around the ICs, of each zinc
source (three 2-fold dilutions above and seven 2-fold dilutions below), and growth was measured at both time points (I,11).
Clones exhibited high, intermediate, and mild sensitivity (ICsc), which reflected their time-dependent sensitivity. High sensitivity
clones displayed low IC5q values at both time periods, while intermediate and mild sensitivity clones showed varying degrees of
recovery (high 1Csp). Overall, clones displaying high sensitivity were more likely to have been identified as late hits in the KO
screen, while mild sensitivity clones were more likely to be detected as early hits (V). These results suggest that eNM toxicity
changes with time and that single time point measurements cannot capture this dimension.

nZn aggregate sizes were 2x those of nZnO. While 24 h, the dissolved Zn*" ion concentrations were
their hydrodynamic diameter changed slightly over similar throughout all three zinc solutions with roughly
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Figure 2. Aggregate particle size of powders and resulting filtrate after 24 h incubation in LB visualized by FESEM (A) and the
dissolved Zn?" concentration after 24 h incubation in LB media (B). The morphology of both NMs did not vary significantly
after suspending in LB media, and aggregate sizes in the filtrate remained in the same range as the powder. ZnCl, aggregates
were an order of magnitude smaller than NM aggregates. Relative to ion concentrations, Zn>" ions released from Zn-eNMs
and ZnCl, in LB as measured by ICP-OES were nearly equal with roughly 40% of the added concentration for each.

40% of the total added Zn*" present in the media as
free ions (Figure 2B). The concentration of free Zn*" in
LB without added zinc was 0.86 £ 0.09 mg/L.

The chemical compositions of Zn-eNMs and salts
before and after suspension in LB media are summar-
ized in Figure S1. The oxygen peak appeared in EDAX
analysis for pure nZn powder, implying oxidation
of nZn powder during storage. As the X-ray probe
does not completely penetrate the sample, our results
suggest only surface layer oxidation or the formation
of Zn(OH),. Furthermore, the Zn/O molar ratio for nZn
was 1:0.93, which was near the Zn/O ratio observed
for nZnO (1:1.08). As the formation of an oxide layer
is likely under an aerobic environment, this reflects
exposure parameters in various environments where
NMs may be released. When exposed to LB, significant
amounts of phosphorus appeared in the solids col-
lected from nZn and nZnO suspensions in LB media.
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The oxygen content (with respect to Zn) in those
samples showed appreciable increases, as well. This
implies the presence of Zns(POy,),, which has a solubi-
lity product of K5, = 9.0 x 107> among other species.'°
For ZnCl,, although the salt has high solubility in water,
other counterions present in the media, such as OH™
and PO,>~, can also form precipitates with Zn*". From
the EDAX result, the Zn/P/O ratio was 1:0.50:3.39,
which is close to the atomic ratio of Zn;(PO,),
(i.e., 1:0.67:2.67), suggesting that Zn3(PO,), was also
the dominant precipitated species. The ratio is not
exact as the precipitation was expected to be a mixture
of different Zn salts; therefore, it is expected to only
have a rough match.

Time-Resolved Wild-Type 1Cs,. Exposing the wild-type
(wt) strain to a dilution series of Zn-eNMs and salts
(0.2—500 mg/L as total Zn*" added) revealed that
ZnCl, was the most toxic followed by nZnO, then
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nZn (Table S2). Among all three zinc sources, there
was an overall increase in ICso values throughout the
24 h period. The decrease in toxicity varied between
zinc sources. The 1Csq values for ZnCl,, for example,
increased nearly 75% (40.7 mg/L [6 h]—71.07 mg/L
[24 h]), while nZn ICs, values increased only by about
36% (96.41 mg/L [6 h]—131.6 mg/L [24 h]).

KO Library Screen. The Keio E. coli KO library was
exposed to the IC5y concentration of each zinc source
obtained from the wt data (Table S2), and growth
inhibition (transmittance: ODgponm) Was assessed over
a 24 h period. Growth inhibition was assessed every 6 h
to capture to the lag, exponential, and stationary
growth phases. As each clone has a different growth
profile, we ran a copy of the library with no added zinc
in parallel for reference. For data mining, the ratio
of the log, transmittance values of the exposed clones
to the unexposed clones was formed, and a robust
Z-score method was employed to identify statistically
sensitive clones and control for differences among
clones and run-to-run and plate-to-plate variation.?”
Further details can be found in the Materials and
Methods section and Figure 1, which summarizes
these methods and results of the KO library screening
(1A) and ICsq values of sensitive clones (1B). Of the 3985
clones screened, 173 clones exhibited an increased
sensitivity to ZnCl,, nZn, or nZnO at any of the four time
points surveyed resulting in a cumulative hit rate of
4.3% (for details, see Tables S3 and S4: (A) Z-score). The
heat map in Figure 3A summarizes the Z-scores of the
selected clones, in which the green spectra colors
indicate positive Z-scores (more sensitive) and Z-scores
greater than 2.5 were classified as hits.”® Using hier-
archical cluster analysis (HCA), we observed a distinct
dichotomy between early and late responding clones
which conventional single time point approaches would
have missed. HCA grouped the earlier 6 and 12 h time
points together and the later 18 and 24 h time points
together (Figure 3A,B). This resulted in 106 “early” and 91
“late” hits with only 24 hits shared between time periods
(Figure 3B and Table S4 (B): time).

ZnCl, had the most pronounced effect on the
clones as it elicited 112 total hits, with 70 unique hits
(62%) that were not detected by either Zn-eNM
(Figure 3C and Table S4 (Q): source). In contrast, only
17 of 77 total (22%) nZn sensitive clones and 19 of
81 total (23%) nZnO sensitive clones were unique for
either Zn-eNM. Thirty clones were shared hits by all
three zinc sources, while the remaining 37 clones were
shared hits for both Zn-eNMs (25), ZnCl, and nZn (7), or
ZnCly and nZnO (5). Furthermore, in addition to sharing
multiple hits between Zn-eNMs (71% for nZn and 68%
nZnO0), the Z-scores for both were clustered together at
each time point (Figure 3A). ZnCl,, in contrast, formed
its own cluster at the late time periods (18 and 24 h).
This suggests that the toxicological profiles of the
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Figure 3. Z-scores for the 173 sensitive clones detected
after exposure to ZnCl,, nZn, and nZnO at four time points
(6,12, 18, and 24 h) (A) and distribution between categories
(B,C). For the heat map (A), green spectrum colors indicate
positive Z-scores (more sensitive) while red spectrum colors
indicate negative Z-scores (less sensitive). Hierarchical clus-
tering analysis was used to determine similarities among
Z-scores. In general, clustering suggests that Z-scores var-
ied across time and among zinc sources. Tight clustering
was observed between early hits (6 and 12 h) and late hits
(18 and 24 h), which supports a temporal dichotomy in
responses to zinc. KO library screening hit distribution
varied for hits across time (B) and hits across source (C).

Zn-eNMs were more closely related than ZnCl, and
suggests nanorelated toxicity paradigms.

In order to enable further data interpretation and
the detection of nanorelated toxicity pathways, the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7's functional annotation clus-
tering algorithm was used to determine the over-
representation of annotation terms from the clones
detected relative to their presence in the E. coli genome.
The results are shown in Figure 4: functional annotation
clustering of the entire sensitive clone list resulted in the
enrichment of eight functional clusters, representing
five general biological categories, metal homeostasis
(metal ion transport and metal ion biding), membrane-
related (lipopolysaccharide biosynthesis and cell mem-
brane structure), transport (ABC transporters), central
metabolic reactions (monosaccharide metabolism), and
regulation and signaling (transcription regulation and
two-component signaling) (for details, see Table S4: (D)
functional clusters, and Table S5). For the gene list as a
whole, all clusters were significantly enriched based on a
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Figure 4. Functional clustering analysis for sensitive clones in KO Library screening. Cluster significance shows the over-
representation of related annotation terms of the sensitive clones relative to their presence in the E. coli genome. Enrichment
cluster analysis was performed for hits in the following categories: (A) sensitive clones, all; (B) time; (C) early, source; and (D)
late, source. In total, the sensitive strains enriched for eight clusters spanning five general biological categories: (1) regulation
and signaling (two-component signaling and transcription regulation), (2) metal homeostasis (metal ion binding and metal
ion transport), (3) transport (ABC transporters), (4) central metabolic reaction (monosaccharide metabolism), and (6)
membrane-related (lipopolysaccharide biosynthesis and cell membrane structure). Temporally, early hits affected general
metabolism, transport, transcription and regulation, and metal ion binding and transport, while later hits enriched for genes
related to membrane generation and structure. Relative to zinc source, all metals enriched for clusters related to metal ion
binding and transport at early time points and membrane generation and structure at later time points.

combined p value of 0.05 with the exception of tran-
scription regulation (see Figure 4A), which appeared
enriched to a lesser extent. Combined p values were
calculated as the geometric mean of the enrichment
p values for each annotation term associated with the
genes in each cluster.? It is important to note that the
size of the functional clusters was not equal for all clusters.
For example, metal ion binding and cell membrane
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structure contained 29 and 27 genes, respectively,
while the monosaccharide metabolism cluster, which
had the fewest members, only had eight genes with
the fewest members (Table S4: (D) functional clusters).
Next, we broke the data into early and late time
points and re-analyzed for enrichment in functional
clusters (see Figure 4B). Specifically, clusters relating
to two-component signaling, metal ion transport and
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Figure 5. Time-resolved IC5, values: heat maps of sensitive clones show differential shifts in IC5o values over time (A), and the
chart displays the mean IC5, values of each category (B). Relative to the heat maps, green spectrum colors represent high
values and red spectrum colors represent low values. Hierarchal cluster analysis on each set of ICs, values divided clones into
three categories: (1) high sensitivity, (2) intermediate sensitivity, and (3) mild sensitivity. High sensitivity clones had low
1C50 values at both time points, while mild sensitivity clones had initially low ICs, values at 8 h, but increased to higher values
at 22 h. Intermediately sensitive clones were between these two conditions. The clusters generally agreed among sources.
Differences in the IC5, values of each sensitivity category are reflected by the mean IC5, values, which increase with time (B).

ZnCl, was more toxic than either Zn-eNM.

binding, ABC transport, and monosaccharide biosynth-
esis were more enriched during earlier time points,
while clusters related to lipopolysaccharide biosynth-
esis and cell membrane structure were more enriched
at later time points (Table S5: (D) functional clusters).
Moreover, when we subdivided the data further for
early and late time points and by zinc source (Figure 4C,
D), much of the enrichment was retained. Most im-
portantly, subdivision into nanoscale and bulk mate-
rials leads to the appearance of functional clusters
specific for nanoscale or bulk materials both for early
and late time points. Of the clusters for the early time
points, both bulk and nanomaterial showed more
enrichment of clusters related to metal homeostasis
(metal ion transport and binding) and transcription
regulation (Figure 4C). Only ZnCl, enriched for the
gene cluster related to two-component signaling,
while nZnO enriched for the cluster related to mono-
saccharide biosynthesis. This cluster is missing in the
late time points and would have been missed using
conventional single-point assays. The same goes to
some extent for nZn and the cell membrane structure
cluster, albeit it is somewhat retained for later
time points. Interestingly, all three zinc sources dis-
played enrichment for clusters related to membrane
structure (lipopolysaccharide biosynthesis and cell
membrane structure) during the late time points
(Figure 4D), but only nZnO shows a highly enriched
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cluster for metal ion binding. In short, most of the
enrichment of functional clusters is time-dependent
irrespectively of eNM or bulk material, and functional
clusters specific for both eNM and bulk material can
be found.

IG5, Values of Sensitive Clones. The clones which we
determined to be sensitive to bulk or nanoforms of Zn
were further characterized by ICso measurements at an
early (8 h) and late (22 h) time point for each zinc source
to investigate the observed trends further (see Figure 5
for results). The methodology and subsequent char-
acterization of clones is summarized in Figure 1B, and
further details can be found in the Materials and
Methods section. In contrast to the relative differences
in sensitivities observed in the KO library screen, ICsq
values represent an absolute metric for comparison of
the fitness of a given KO clone. Overall, the IC5, values
for the selected clones exhibited a time-dependent
increase which was similar to those observed in the wt
(Figure 5 and Table S2) with ZnCl, exposure resulting in
the lowest IC5y values for both the wt and sensitive
clones. It is not surprising that the wt and clones do not
match up exactly as the growth pattern in a given
KO clone results in part from growth compensation in
the absence of a particular gene which is different from
wt growth. Overall, the clones ZntA and ZntR displayed
consistently the lowest 1Csq values (Table S4: (F) 1Csp).
Across all three zinc sources, their ICsq values remained
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at ~10—20 mg/L at both time points, which is ~4—
7-fold lower than the overall averages.

ICso values repeat the dichotomy observed in
the KO screen between early and late hits as some
clones had initially low IC5q values, but recovered, while
other clones maintained low ICsq values throughout
(Figure 5A). HCA was used on each zinc source to divide
the clones into three subgroups: high, intermediate,
and mild sensitivity. High sensitivity clones had the
lowest 1Cso values at both time points, while mild
sensitivity clones had initially low 1C5o values at 8 h,
but increased to high values at 24 h; that is, the clones
recovered to normal growth, which was also observed
during primary screening. Intermediately sensitive clones
were between these two extremes. Mean values of
each category across time points highlight these re-
sults (Figure 5B). To characterize overall sensitivity,
clones were grouped into the category in which it
was classified the most across all three metals. Gen-
erally, clones fell into the same category across zinc
sources, and discrepancies varied by one level of
sensitivity. Only four clones (gpt, ybdD, yijP, and yebA)
spanned more than one level of sensitivity, and these
outliers together did not represent any collective
functional category (Table S4: (F) ICsg). This resulted
in 26 high, 94 intermediate, and 53 mild sensitivity
clones. Interestingly, those clones classified as late hits
or shared hits between time points were more likely to
be classified as high sensitivity clones, while those
classified as early hits were more likely to be detected
as mild sensitivity clones (Figure 6A). For example, in
overall sensitivity, nearly 93% of the high sensitivity
clones were late or shared hits, while 81% of the mild
sensitivity clones were early hits. This trend was evi-
dentin the overall classifications of sensitivities and for
the sensitivities derived from exposure to each zinc
source. This suggests that highly sensitive hits can be
detected at both time periods, while mild hits are lost
at later time periods.

Functional annotation clustering of clones at
each level of sensitivity revealed distinct categories
of enrichment and reflects clusters identified by the
early and late hits (Figure 6B). Mild sensitivity clones
had more enrichment in categories related to two-
component signaling and ABC transporters, while high
and intermediate sensitivity clones enriched for lipo-
polysaccharide biosynthesis and cell membrane struc-
ture. Categories related to metal ion binding and trans-
port were present at all three levels of sensitivities. This
suggests that toxicity mechanisms as reflected by the
different clusters may be evident at different times,
depending on when toxicity is assessed.

DISCUSSION

Engineered nanomaterials are subject to physical
processes such as aggregation, dissolution, and repre-
cipitation of dissolved ions that occur over time.?®
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(A) Clones Sensitivity relative to status in KO Screen
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(B) Functional Cluster Analysis: Overall
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Figure 6. Clone sensitivity for 1Cs, clustering relative to
their status from primary screening for (I) overall and
separated by source: (Il) ZnCl,, (lll) nZn, (IV) nZnO (A).
Regardless of source, those hits which were categorized
as late hits are more likely to display high sensitivity, while
those detected as early hits are more likely to display mild
sensitivity. As clusters agreed among sources, functional
clustering analysis was performed for the clones over-
all sensitivity (B). Cluster significance displays the over-
representation of related annotation terms of the sensitive
clones relative to their presence in the E. coli genome. All
three levels of sensitivities share categories related to metal
ion binding and transport. Clones with mild sensitivity had
more enrichment in clusters related to signaling and trans-
port, while high sensitivity clones and intermediate sensi-
tivity clones enriched more for membrane-related clusters.

Similarly, biological responses such as adhesion, ab-
sorption, and transformation of a foreign material also
vary with time.3° As a single time point measurement
cannot capture these changes, only time-resolved
methodologies can incorporate the temporal differ-
ences in chemistry and biology to reliably assess the
dynamic interactions of eNMs with organisms. While
some current approaches have attempted to incorpo-
rate the temporal dimension, a comprehensive and
unbiased study has not been conducted to date due to
cost and technological limitations. Here, we presented
a genome-wide time-resolved HTS methodology,
which we applied toward the identification of toxicity
pathways in E. coli using widely available nZn and
nZnO as model eNMs and ZnCl, as a reference.
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We evaluated the sensitivities in an E. coli genome-
wide KO library over a 24 h period and identified 173
clones sensitive to zinc eNMs and/or ZnCl,.

Importantly, these 173 clones were not equally
sensitive over the entire 24 h nor were they equally
sensitive to all zinc sources at each time point. We
found a pronounced dichotomy between early and
late time points with only a small portion of the clones
being shared between early and late time points. Many
of the clones displaying early sensitivity recovered and
would have not been detected by conventional end-
point assays such as ICsy values, which miss a sub-
stantial portion of the toxicity response. More impor-
tantly, the clones sensitive at early time points showed
markedly different enrichment of biological pathways
(i.e., clusters) from late responders. Clones related
to signaling and regulation (two-component signaling
and transcription regulation), transport (ABC transport),
and central metabolic reactions (monosaccharide
biosynthesis) were more enriched at early time points
(8 and 12 h), while membrane-related clusters
(lipopolysaccharide biosynthesis and cell membrane
structures) were more enriched at later times (12 and
24 h). Clones relating to metal homeostasis were
detected at both time points, but they experienced
greater enrichment earlier. As a result, end-point
assays have limited usefulness for the safety assess-
ment of materials, as they do not allow for building
models on a complete data sets.

Even more significantly, this time-dependent be-
havior was consistent for the entirety of the sensitive
clones. Time dependence was well pronounced
when subdividing the clones into bulk and nano-
material reflecting their specific toxicity paradigms.
For example, during early time points, nZnO showed
enrichment in monosaccharide biosynthesis and tran-
scription regulation clusters while nZn showed enrich-
ment in cellmembrane structure clusters. Interestingly,
nZnO showed enrichment at late time points for
metal ion binding, while ZnCl, and nZn did not enrich
in this cluster at this time point. The differences in
cluster enrichment point to different toxicity pathways
and paradigms, which are dependent on the growth
phase of the bacterial culture. Specifically, the en-
richment of clones related to general metabolism
(monosaccaharide biosynthesis) by nZnO and two-
component signaling by ZnCl, during early time points
may reflect the changing constraints found at different
bacterial growth phases. Measurements taken at early
time points (6 and 12 h) reflect E. coli cells in or near
exponential growth. Clones related to the cluster
monosaccharide biosynthesis participate in important
processes such as glycolysis and the pentose phos-
phate pathway, which are essential for energy genera-
tion during exponential growth. Similarly, of early
responding clones in the cluster two-component sig-
naling, all except one (11 of 12) are necessary for shifts
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in metabolism and utilization of specific compounds
(carbon utility: arcB, creC, dcuS, frwB, pgm, pfkB, ptsl,
and ptsP; nitrogen: ginL; NAD cofactor: nadR; and
phosphorus: phoU) (Table S5). Clones lacking genes
from either cluster would be at a disadvantage as they
would be unable to meet the energy demands of rapid
growth, while combating with stress induced by eNM
or ZnCls.

The time-dependent sensitivity of differing biologi-
cal pathways was also reflected in the time-resolved
ICs values of the sensitive clones. Many clones, which
were sensitive at early time points in KO screening,
showed a marked decrease in absolute toxicity as
their respective ICsq values increased over time. These
clones, which were classified within the mild sensitivity
category, represent biological pathways related to
ABC transporters and two-component signaling path-
ways. In contrast, clones detected at later time points,
typically membrane-related clones (lipopolysaccharide
biosynthesis and cell membrane structure), displayed
persistent toxicity (intermediate to high sensitivity), as
they exhibited low ICsq values that did not increase
substantially throughout the 24 h study period. Clones
relating to metal homeostasis (metal ion binding and
transport) were enriched at both early and late time
points and range from high to mild sensitivity. Taken
together, the results from the KO screen and time-
resolved ICsy values suggest that some clones exhib-
ited transient sensitivities during exposure at early
time points, while other clones exhibited persistent
sensitivities after prolonged exposure. Overall, our
time-resolved methodology revealed that different
toxicity mechanisms were active at different experi-
mental times, and all of these trends are undetectable
with conventional single end-point assays or even
single mechanism time-resolved approaches, which
are less comprehensive than our full genome-wide
scan.

The membrane-related clones (lipopolysaccharide
biosynthesis and cell membrane structure) were the
largest enriched clusters for all zinc sources, detected
as late hits in the initial screen, and maintained a high
sensitivity to Zn throughout the 24 h period in ICsq
analysis. The presence of these clones as sensitive hits
suggests the involvement of direct membrane damage
or lipid peroxidation, both of which have been ob-
served in Zn-eNM toxicity.%'? Exclusion by membrane
barriers serves as an important defense against metals
entering into the cell.>' Lipopolysaccharides within the
outer membrane have been shown to have an impor-
tant role in slowing the rate of influx of metals and
other toxic compounds into bacterial cells.3? Fur-
thermore, many efflux pumps are transmembrane
proteins; therefore, poor membrane integrity can be
expected to hamper their functionality.>* Our results
suggest that clones with membrane deficiencies were
unable to recover from toxicity stemming from all
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three zinc sources. Moreover, we demonstrate here
that end-point assays, which are currently the stan-
dard, have a bias toward the detection of injury para-
digms, which are related to structural components and
lipid biosynthesis (see Figure 4A).

The release of Zn>" into the media and resultant ion
damage was an important toxicity mechanism for both
zinc eNMs and the ZnCl, salt as indicated by the
enrichment of clusters related to metal homeostasis
(metal ion binding and metal ion transport) among all
zinc source subgroupings in both the KO screen and
ICso analysis. Clones lacking the zinc-specific-ion reg-
ulating system of ZntA and ZntR were the most sus-
ceptible to toxicity from Zn-eNMs and ZnCl, at both
time periods and were found to be the most severely
growth inhibited during ICso analysis (Table S4: (A)
Z-score and (F) ICso). While clusters related to metal
homeostasis were present at both time periods, great-
er enrichment was observed earlier, which may be
related to the exponentially growing cells assayed at
that time. These results agree with Yamamoto and co-
workers who found that, in the presence of excess zinc,
zntA and other zinc homeostasis genes were rapidly
overexpressed during exponential growth of E. coli
cells.>* When in excess, Zn*>" can compete with other
metals such as Ni*", Co®>", and Fe®" in the biding
domain of metalloproteins, and as a result, the incor-
poration of zinc into nascent polypeptides may be
exaggerated in rapidly dividing cells>® Therefore,
clones with already comprised metalloproteins that
fulfill critical functions in the cell will exaggerate this
response. Additionally, clones relating to the ABC trans-
porter cluster were enriched during early time points.
Of the 18 clones in this cluster, 9 (50%) relate to metal
homeostasis (btuF, entC, fecE, feoA, fepC, nikD, nikA, yebz,
and zntA) further linking the combined stress from
exponential growth and excess zinc (Table S5).

These shared mechanisms in toxicity pathways may
be explained by similar chemical properties observed
in each zinc source after exposure to LB. In general,
the morphologies and chemical composition of sus-
pended NMs were similar following exposure to the
rich organic LB media. Results from the chemical
component analysis of powders before and after ex-
posure to LB media highlight that the solution chem-
istry dominated the dissolution and reprecipitation
processes regardless of the form of zinc metal.
Zn-containing NMs and salts approached chemical
equilibrium in LB media, which is a rich medium with
high organic content and ionic strength (~170 mM).
Following partial dissolution, Zn?" ions formed various
soluble and solid complexes with media constituents.
For example, phosphate complexes comprised the
dominant species across all zinc filtrates. Furthermore,
the oxide layer formed on nZn suggested by the zeta-
potential and EDAX measurements may explain the
high percentage of shared hits between nZn and nZnO
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in the KO library screen and similar ranges for ICsg
values. These transformations determined the bioavail-
able forms of zinc released from each zinc source. The
toxicity caused by NMs and salts can be understood as
the combined effects of Zn>" and various NMs and NM
aggregates, which were not identical to the particles
initially added to the media. Furthermore, the exposure
of Zn-eNMs and salts in LB mirror the exposure condi-
tions in other waters with high organic content, such as
influent at wastewater treatment plants where the
accumulation of Zn-eNMs and salts is likely to occur.

In spite of these similarities, free ions alone were
not able to explain toxicity as the ICsq values of ZnCl,
were generally the lowest and it elicited the most
hits in screening relative to either NM. ZnCl, elicited
responses from 70 clones that were not also hits
for nZn or nZnO, and at early time points, ZnCl,
showed greater enrichment of clones related to two-
component signaling, while nZnO showed greater
enrichment of clusters related to monosaccharide
biosynthesis. These differences may occur because
the bioavailability of zinc may be different when
introduced as a free ion (ZnCl,) or as part of an eNM.
ICP analysis showed that free Zn®" concentration was
similar (~40 mg/L as Zn?") for all zinc sources, yet the
precipitates of ZnCl, (17.8 £ 3.7 nm) were an order of
magnitude smaller than either nZn (159 + 48 nm) or
nZnO (102.2 & 22.7 nm). Previous studies of metallic
NPs have reported that aggregation can reduce the
bicavailability of the metal and resulting toxicity.>®
Aggregation of the particles in the media may have
reduced the relative surface area available for reactivity
and ion release. This may have resulted in ZnCl,'s
differing toxicity behavior and suggests that a more
complex model is necessary. In contrast to the free ion
activity model, the biotic ligand model, which involves
a thorough exploration of solution chemistry and has
been shown to be an effective model for predicting
zinc toxicity, may be a stronger indicator.>’

This dichotomy of temporal sensitivities has implica-
tions for predictive nanomaterial toxicity assessments.
The early toxicity responses, which resulted in tempor-
ary growth retardation, were not detectable at later
time points, and these transient mechanisms would be
ignored using single-point ICsq values. This highlights
the advantage of our method's ability to distinguish
the dynamic time-dependent responses without hav-
ing any prior knowledge of specific toxicity. This can be
contrasted with traditional single time point knowl-
edge-based microarrays or traditional mechanism as-
says, which reflect isolated responses. Previous toxicity
studies, therefore, which have only measured single
time points on this collection or utilized similar gen-
ome wide methods, may have missed time-sensitive
biological responses.34>°

Our results suggest that both zinc eNMs as well as
salts are toxic due to mechanisms relating to ion
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release, membrane damage, and metabolic effects
but vary in their timing and severity. Understanding
the time dependence of eNM toxicity will be crucial
in minimizing the impact of these toxicants to
aquatic environments, terrestrial soils, and waste-
water treatment plants—the most common sinks for
contaminants.***" The first levels of interaction and
uptake will be among primary producers, specifically,
microorganisms like bacteria. As zinc eNMs have been
shown to change the balance and composition of soil
bacteria communities, microbes that are better able to
rebound against toxicity will grow better and colonize
contaminated environments.*? Previous nanotoxicity
studies, for example, have shown that bacteria with
more robust Gram-positive membranes have a growth
advantage over bacteria with thinner Gram-negative
membranes.** Differential inhibition, therefore, of mi-
crobial communities mediating specific environmental
processes can lead to an imbalance between various
reservoirs of carbon and nitrogen as well as impact
food webs. Recently, researchers found that nZnO
severely inhibited the efficiency of phosphorus and
nitrogen removal metabolism in anaerobic reactors,
suggesting that eNMs entering wastewater streams
may impact the efficiency of treatment plants and
reduce the ability to treat other contaminants.** As
the KO library represents varying biological sensitiv-
ities observed in mixed communities, this work sug-
gests that zinc eNMs may cause differential shifts
in bacterial communities due to differing biological
sensitivities. Our results imply that bacteria with sensi-
tive membranes and limited metal efflux will be most
affected, while organisms with deficits in their general
metabolism may experience more subtle inhibition by
zinc eNMs during early growth and colonization. Our
results contribute to a better understanding of the
toxicity mechanisms induced by exposure to Zn-eNMs,
which may be relevant to other metal-containing eNMs
such as Cu-eNMs or Fe-eNMs as many metalloproteins
can bind to other metals with stronger affinities.”

CONCLUSIONS AND PROSPECTS

Here we demonstrate differences in the bacterial
response to two types of Zn-eNMs versus ZnCl, bulk
material through the utilization of a time-resolved HTS

MATERIALS AND METHODS

Nanomaterial Preparation and Characterization. Zinc-containing
nanomaterials (Zn-eNMs) were obtained from commercial ven-
dors: nZn (Quantum Sphere, Santa Ana, CA) and nZnO (Meliorum
Technologies, Rochester, NY). To assess the contribution of Zn*"
ions to observed toxicity, ZnCl, (>99% purity) was used (Sigma
Aldrich, St. Louis, MO). Prior to every assay, fresh zinc stock
suspensions (1000 mg/L as zinc) were prepared by mixing Zn-
eNMs and ZnCl, salt into Luria—Bertani (LB) broth media, followed
by sonication in an ultrasonic bath for 30 min at maximum power
(FS30H, Fisher Scientific, 100 W, 42 kHz). All stocks were sonicated
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methodology employing an E. coli genome-wide
knockout library. Through the extensive use of auto-
mation, we were able to execute experiments in a
matter of days, which would normally take months.
Automation was also crucial for acquiring the neces-
sary temporal resolution—which in turn was crucial for
capturing a comprehensive view of nano- and bulk
toxicity paradigms. At early time points, Zn-eNMs and
salts elicited responses related to general metabolic
function, transport, signaling, and metal ion home-
ostasis, while later time points evoked responses from
membrane synthesis pathways. The presence of over-
lapping pathways related to membrane damage and
metal ion homeostasis suggests that toxicity is partially
related to metal ion release, while the differential
sensitivity profiles between nanoscale and bulk ma-
terial suggest potentially novel nanoscale-specific ef-
fects that warrant further examination. For example, at
early time points, bulk ZnCl, elicited responses in
pathways related to two-component signaling, while
nZnO evoked responses in pathways related to mono-
saccharide biosynthesis.

The toxicity paradigms in force at early or late time
points share little overlap, which emphasizes the need
to include time-resolved measurements in all future
nanotoxicity studies. We expect that hazard ranking of
nanomaterials will become more effective—at least for
the widely used zinc-containing nanomaterials exam-
ined in this study—as a result of the inclusion of time-
resolved data. Furthermore, we expect nanotoxicology
assessments to have more predictive power by taking
full advantage of this added dimension. The inverse is
likely to hold true, as well: It is obvious that single-point
measurement driven methodologies—even if they rely
on genome wide coverage—will have limited predic-
tive power. For example, a significant portion of the
toxicity paradigms in the early phase of the experi-
ments would have been missed with traditional single-
point approaches, resulting in an incomplete assess-
ment of the toxicity paradigms for a given eNM. Our
future efforts will focus on the elucidation of the
differential toxicity modalities that we observed, and
we anticipate that high-throughput methodologies
will continue to be crucial to the execution of this body
of work.

1 min before use and diluted to their final concentration using LB
within 3 h of preparation of the stock solution.

To determine particle size and zeta-potentials in solution, a
final concentration of 100 mg/L as Zn*", Zn-eNMs/LB solutions
were incubated at 37 °C, and measurements were taken every
6 h over a 24 h period. The hydrodynamic diameters (aggregate
sizes) of Zn-eNMs were determined in LB media by dynamic
light scattering (Bl 90Plus, Brookhaven Instruments Corp., Holts-
ville, NY), and zeta-potentials (mobility) were computed from
measured electrophoretic motilities (ZetaPALS, Brookhaven
Instruments Corp).
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Dissolved zinc concentrations were measured by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
according to U.S. EPA 30508 standard method. In brief, Zn-eNMs
and ZnCl,/LB media solutions (100 mg/L as Zn*") were incu-
bated at 37 °C for 24 h, then centrifuged and filtered through
3 kDa ultrafiltration membranes (Amicon Ultra-4 3K, Millipore,
Billerica, MA) for 30 min at 2800g. The filtrate was digested in
HNO; followed by ICP-OES measurements.

The NMs' morphologies and chemical compositions were
analyzed by field-emission scanning electron microscopy
(FESEM; JEOL, JSM-6700F) equipped with an EDAX system
(Genesis, EDAX). The particles were examined prior to and after
introducing into LB media. As-received nZn and nZnO nano-
materials examined in dry power form served as a baseline for
comparison. Additionally, the solid particles in LB media, con-
sisting of insoluble NMs and precipitates formed by excess Zn**
ion complexation with LB constituents, were collected after 24 h
incubation at 37 °C, using 0.03 um polycarbonate track etch
membranes (Sterlitech, WA) and dried in vacuum desiccators.
Image analysis software, Image Pro (MediaCybernetics), was used
to determine the particles' sizes. The chemical compositions of
the solid particles collected were determined by EDAX analysis.

E. coli Cells and Knockout (K0) Library. The Keio library comprises
3985 single knockout E. coli clones which encompasses about
90% (4390 total genes) of the genome of the base strain,
BW25113.2% Each KO clone carries a deletion of a single gene,
with a kanamycin resistance gene serving as the replacement.
The library was maintained in 12 384-well clear microtiter plates
(Greiner Bio-One, Monroe, NC) in 10% glycerol/LB broth con-
taining 25 ug/mL of kanamycin and stored at —80 °C. BW25113
was used as the control wild-type (wt) strain for each experi-
ment and was cultured identically as the library, but was grown
in LB in the absence of kanamycin. Prior to running toxicity
assays, frozen microtiter stocks were precultured in fresh LB
media at 37 °C for 24 h before being transferred to LB without
kanamycin. The Q-bot replicator (Genetix, New Milton, England)
was used to pin a microdrop of cells between 384-well plates to
transfer cells.

Wild-Type ICso. The wt strain was exposed to a dilution series
of each zinc source to determine an appropriate concentration
for the KO library screen. Briefly, wt cells from precultured
microtiter plates were pinned into 384-well plates containing
80 uL of fresh LB media with Zn-eNMs and salts at final
concentrations ranging from 0.2 ug/L to 500 mg/L as Zn**
(2-fold dilutions between each concentration). Each condition
was tested with at least eight replicates. Clones were incubated
for 24 h at 37 °C, and growth was measured by transmittance
(ODgoonm) eVvery 2 h using the Acquest plate reader (Molecular
Devices). Growth was assayed every 2 h to capture the lag,
exponential, and stationary growth phases. Wells containing
only E. coli cells (no added zinc) or Zn-eNMs and ZnCl, (abiotic)
served as controls. Absorbance data were fitted using a non-
linear regression dose response model employing a four-
parameter logistic equation (Prism 4, GraphPad Software, San
Diego, CA), which was used to calculate the ICso values and
95% confidence intervals (see Table 1 for results). ICso values
were determined for every 2 h time point after 6 h.

KO Screening. To determine the most sensitive clones, the
library was screened against the 24 h ICs, concentration
obtained in the initial wt screen (Table 1). After preculturing,
the cells from the library were pinned into 384-well plates
containing 80 uL of LB at the appropriate ICs, concentration.
For comparison, cells from the library were also pinned into
80 uL of LB with no added zinc. All conditions were run in
triplicate to account for biological, systematic, plate-to-plate,
and run-to-run variability. Plates were incubated at 37 °C for a
24 h period, and transmittance (ODggonm) Was measured every
6 h using the Acquest plate reader (Molecular devices). As
readings were taken every 6 h, measurements reflect growth
at lag, exponential, and stationary phases of E. coli growth.
A total of 221 184 readings were processed for KO screening
(12 library plates x 3 replicates x (3 zinc sources + 1 control) x
384 wells x 4 time points).

Data Normalization and Hit Selection. Data normalization
occurred in two steps. First, to account for growth differences
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TABLE1. ICs, Values for the Wild-Type E. coli after Exposure
to ZnCl,, nZn, and nZn0O°

ICso (mg/L as Zn* ")
time (h) InCl, nZn nZn0

6 408 £ 13.6 9.4 £+ 7.5 68.4 £ 6.6

8 40.8 &= 25.1 1103 £ 49 86.6 & 6.2
10 40.6 & 29.6 132 £ 47 925+ 48
12 476 + 4.6 141+ 40 95.1 4+ 4.0
14 540 4+ 45 179 £ 41 99.1 £+ 3.5
16 593 + 4.6 1211 £ 36 102.2 £ 33
18 63.8 + 45 1249 £ 29 106.5 £ 3.0
20 68.7 &+ 4.4 127.5 £ 21 10.7 £ 34
22 JARE==X'Y] 1316 £ 25 152 £ 35
24 737 +£42 1316 £ 2.1 193 £ 29

“With respect to the zinc source, the toxicity decreased with the following trend:
InCly > nZn0 > nZn. For all sources, toxicity decreased with time. Errors represent
95% Cl interval.

between control and experimental cells, the log, average
transmittance of the clone exposed to the ICso concentration
was divided by the log, average transmittance from the un-
exposed control. Since lower bacterial growth resulted in higher
measured transmittance, larger ratios of exposed to unexposed
cells indicated more sensitive clones. Next, the robust Z-score
method using the median absolute deviation (MAD) method
was employed to determine which clones had a statistically
significant difference in growth relative to the entire library.?’
The robust Z-score was computed according to the following
equation:

MAD = 1.4826 x median(|X; — median(X;)|)

Robust Z = (X;; — median(X;))/MAD

where Xj;is the ratio of the transmittance of the exposed control
to the unexposed control for well / in plate j and median (X)) is
the median of the ratios in plate j. For each clone, the average
robust Z-score was calculated for significance testing. Z-score
methods were used to transform data so that it reflected a
normal distribution, where scores are indicative of the distance
from the central values. In order to find more sensitive clones,
a clone was considered a hit when its Z-score was greater than
2.5 at any of the 4 time points (6, 12, 18, and 24 h), which
represents outliers comprising less than 0.5% of the theoretical
normal distribution.?® Unlike traditional Z-score methods, using
the MAD and median as indicators of distribution and central
tendency, respectively, protects these estimates from outliers,
which can skew estimations of the distribution and hide
significant hits.*> Hierarchical clustering analysis (HCA) was
used to compare the relatedness of the Z-scores of each
treatment. In HCA analysis, the distance metric was set as
Euclidean distance and the linkage method was set as Ward's
linkage clustering.*®

IG5, Values for Selected Clones. In order to characterize the
different sensitivities of each clone identified as a hit, the
selected clones were exposed to a dilution series of each zinc
source to calculate 1Csq values (Figure 1B). Using the Q-bot,
sensitive clones identified in the KO screen were rearrayed from
the original library into a single 384-well clear plate. After
preculturing, the cells were pinned into a series of microtiter
plates containing LB/zinc suspensions at 10 different concen-
trations. Each dilution series was based around the ICs value of
the respective metal source (three 2-fold dilutions above and
seven 2-fold dilutions below). Each concentration was run in
triplicate, plates were incubated for 24 h at 37 °C, and transmit-
tance (ODgoonm) readings were taken at 8 and 22 h. The ICsq
values were calculated for each time point using the same
nonlinear regression model used for the wt. A total of 69120
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readings were processed for assessing 1Cso values (10 plate
dilution series x 3 zinc sources x 3 replicates x 384 wells x 2
time points). HCA was used to compare the relatedness of the
ICso values of each treatment, and HCA was performed as
previously highlighted for Z-scores.

Gene Annotation and Cluster Enrichment. The Database for An-
notation, Visualization and Integrated Discovery (DAVID) v6.7,
National Institute of Allergy and Infectious Diseases (NIAID),
National Instituted of Health (NIH), was used to annotate the
gene lists obtained from the KO library and enrich for sensitive
clusters.®® This Internet-based resource integrates multiple
databases such as GO, KEGG Pathways, and BioCarta to rapidly
analyze gene lists from high-throughput data and assign bio-
logical meaning. DAVID's functional annotation clustering algo-
rithm employs fuzzy heuristic clustering to determine the over-
representation of related biological annotation terms relative
to their representation in the reference genome. Clusters with a
combined p value greater than 0.05 were considered significant.
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