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Clinical microbiology laboratories perform testing of patient samples, including

bacterial and fungal cultures, and nucleic acid diagnostics for bacteria and viruses such

as SARS-CoV-2. Even though such laboratories have been performing testing for many

decades, it is unknown what microbes inhabit these laboratory surfaces. Particularly, in

the setting of the COVID-19 pandemic, it is important to understand whether laboratory

surfaces harbor pathogens such as SARS-CoV-2. Therefore, we characterized the

microbiota present on different surfaces of the clinical microbiology laboratory using 16S

rRNA amplicon sequencing to understand whether there were unique microbes

associated with different surfaces that technicians commonly come in contact with. We

also deciphered whether SARS-CoV-2 might also be harbored on these surfaces to

further assess the potential risk for occupational exposures. We analyzed laboratory

surfaces, including workbenches, floors, and sinks within the main bacteriology,

molecular microbiology, and newly-established COVID-19 testing laboratory. We

performed this study during the early COVID-19 pandemic time period from July to

October 2020. RT-PCR testing found that SARS-CoV-2 was found primarily on the

floors, which suggests that it may have been brought in on the shoes of laboratory

employees or was the result of the aerosolization of the virus from processing the high

numbers of SARS-CoV-2 PCR tests in the microbiology laboratory. Characterization of

the bacteria on the clinical lab surfaces revealed distinct workbench, floor, and sink

communities, colonized primarily with human-associated microbes. These data provide

much needed insights into the complex microbial communities that make up the clinical

microbiology laboratory.
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Introduction

A clinical laboratory, also known as a medical laboratory, is a place where

diagnostic testing is performed on clinical specimens from patients. These laboratories

are typically either part of a hospital system or private/commercial entity. One subset of

clinical laboratories are clinical microbiology laboratories, which perform cultures of

bacteria and fungi, and run nucleic acid diagnostics for bacteria and viruses including

tests for SARS-CoV-2.1 Some clinical microbiology facilities also test for antigens from

pathogens and antibody responses to pathogens, and are more specifically referred to

as serology laboratories. Mechanical technology and automation is increasingly being

used in clinical laboratories to increase testing speed, efficiency, and volume.2

The first case of COVID-19 was reported in December 2019 in Wuhan, China,

and the novel coronavirus SARS-CoV-2, was discovered to be the cause.3 From there

the disease spread worldwide, and on March 11th, 2020, COVID-19 was declared a

pandemic, which prompted countries to close borders, businesses and schools to close,

and social distancing guidelines to be enacted.4 As of November 16th, 2021, there have

been 254,256,432 confirmed COVID-19 cases, and 5,112,461 deaths attributed to the

disease worldwide5, but there are estimates that the true infection rate is 5-20 times

greater than the number of confirmed cases,6,7 so the true number of cases is unknown

and may be much higher than previously thought.
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Testing infrastructure had to be rapidly constructed across the world to

accommodate demand. The primary test used is a SARS-CoV-2 RT-PCR test,8 which is

used to detect and quantify the presence of virus RNA. At the University of California,

San Diego Health’s Center for Advanced Laboratory Medicine (UCSD CALM), testing

expanded from around 20 tests per day at the beginning of the pandemic, to up to 4,500

at its peak.9

In February of 2020, the World Health Organization (WHO) established that

clinical laboratories should follow Level-2 (BSL-2) or Level-3 (BSL-3) protocols to

handle SARS-CoV-2.10 There were still many unknowns, including whether surfaces

were becoming contaminated or if the virus could be transmitted via aerosols. In April of

2020, SARS-CoV-2 was shown to be viable on surfaces for up to 72 hours after its

introduction,11 although later reports suggest that the risk of transmission from surfaces

is low.12 In July 2020, the WHO officially acknowledged that COVID-19 could be

airborne, while new case counts surged to unprecedented daily levels.13 August 2020

saw the beginning of a surge in COVID-19 cases,14 and by late September, the death

toll from the virus reached 200,000 in the United States.15

SARS-CoV-2 testing of a hospital environment performed contemporaneously

with this study displayed that the floors in and near patient rooms tested positive most

often when there was a COVID-19 patient in the room (29-39%), but still had a

significant positive rate without a COVID-19 patient in the room (17-27%). Surfaces in

COVID-19 positive patient’s rooms like bedrails (11%), door handles (3%), and
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keyboards (4%) tested positive less often.16 The infectivity of the virus on surfaces was

not investigated.

Occasionally employees will become ill with laboratory-acquired infections, likely

due to contamination or improper personal protective equipment (PPE) usage.

Historically, there have been disease outbreaks emanating from clinical laboratories.

There have been several outbreaks of the pathogenic bacteria Salmonella over the last

decade from clinical and teaching laboratories.17 Gastrointestinal illnesses such as

Salmonellosis and Shigellosis are the most common lab-acquired infections, but

Brucellosis, which causes flu-like symptoms, is also amongst the most common.18

Laboratory associated infections have been decreasing in recent years,19 likely due to

engineering controls, proper training, and safety protocols. However, when considering

the COVID-19 pandemic, which is caused by a novel virus, there are many unknowns

as protocols are not based on years of rigorous testing, and the risk of infection from

laboratory surfaces may be a concern.

In addition to negatively affecting employee health, cross-contamination can also

affect the validity and confidence of test results between patients, and lead to false

positives and misdiagnoses. Hands/gloves, coat cuffs, biosafety cabinets, testing

devices, cartridges, and accessories may become contaminated through normal

laboratory use.20

Considering the risk of cross-contamination and laboratory-acquired infections

including bacterial and SARS-CoV-2 infections, it is of interest to know what microbial

communities contribute to the environment of a clinical microbiology laboratory.
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Additionally, laboratories of this type have been operating and performing tests for

decades, and the makeup of microbes on their surfaces remains unknown. A 16S rRNA

analysis would provide a more complete picture of what bacteria are in which

environmental surfaces of a clinical microbiology laboratory. With this information, risks

for laboratory acquired infections could be assessed, and improved sanitization

guidelines could be put in place depending on a particular community makeup of certain

locations. This could result in a safer environment for employees, and a lower risk of

cross-contamination.

For these reasons, the goal of this study was to perform SARS-CoV-2 PCR

testing and use 16S rRNA analysis to analyze the microbiome of different surfaces of

several sections within a clinical laboratory during the early stages of the COVID-19

pandemic to (i) better understand the laboratory distribution of SARS-CoV-2, (ii) identify

bacterial communities present and consider the risks they may pose to employees and

community health, and (iii) assess differences in bacterial community compositions

amongst different surfaces.

Methods

Sample Collection

Samples were collected between July 20th, 2020 and October 30th, 2020 from

the University of California, San Diego’s Center for Advanced Laboratory Medicine

(UCSD CALM) in La Jolla, CA. Sterile swab tubes (BD Falcon Swube Screw
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Cap/Cotton Tip Applicators) were moistened in sterile saline, and the surfaces of

benches, sinks, or floors were swabbed for 30 seconds. Three laboratories were

swabbed, including the molecular laboratory, COVID laboratory, and bacteriology

laboratory.

Work done in the bacteriology laboratory includes cell culture diagnostic tests of

patient bacterial pathogens. It also includes the accessioning section where all patient

specimens are received and enter the laboratory. A separate section of this laboratory is

devoted to serological testing for antibodies and antigens from human pathogens. In the

molecular laboratory, diagnostic testing involves DNA, RNA, proteins, and other small

molecules from patient samples. Even though the laboratory developed a separate

COVID testing laboratory, approximately 50% of the COVID testing occurred in this

laboratory space. The COVID laboratory contains two sections, front and back. The

front of the COVID laboratory was sampled over the entire swabbing period, and

includes a row of benches near the entrance to the laboratory. The back of the COVID

laboratory includes a row of benches and a sink, where SARS-CoV-2 was handled

beginning on 10/13/2020. Sampling of the back of the COVID laboratory began

8/21/2020.

The benches of each laboratory were swabbed during the day when laboratory

employees were likely to be present conducting work. The swabbed sink areas include

the front, sides, and bottom of the sink basin, which are likely to have contact with runoff

water from employees’ hands during hand washing. Bacteriology includes two sinks

located approximately 10 feet from the benches. Molecular has one sink located three
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to five feet away from the benches. The COVID laboratory has two sinks five to fifteen

feet away from the benches. The swabbed floor areas include the spaces proximal to

the working benches. Samples were collected over a period of approximately an hour,

and then stored at 80°C until further processing.

16S rRNA Gene Amplicon Processing

Swab tubes were thawed at room temperature, opened in a class 2 biological

safety cabinet, rehydrated with 1X PBS, and incubated at room temperature for 10

minutes. DNA extraction was performed using the Purelink Viral RNA/DNA Mini Kit

(Invitrogen; Waltham, MA). Many samples had relatively low DNA concentrations (n =

92) and had to be further concentrated using Zymo gDNA Clean and Concentrator-10

kit (Zymo research; Irvine, CA). Several unused swabs were included in the extraction

and concentration as a negative control. A segment of the 16S rRNA region of the

genomes was amplified using V3-4 region primers and Kapa Hifi Hotstart Readymix

(Kapa Biosystems; Wilmington, MA), using the cycle settings:   95 °C for 3 minutes, 35

cycles of 95 °C for 30s, 55 °C for 30 s, 72 °C for 30 s, and an elongation step of 72 °C

for 5 minutes. The samples were further purified with Ampure XP beads

(Beckman-Coulter; Fullerton, CA), the concentrations were measured using the dsDNA

High Sensitivity Kit with a Qubit Fluorometer (Thermo Fisher Scientific; Waltham, MA),

and the fragments were sized using a High Sensitivity DNA Kit on a Bioanalyzer (Agilent

Technologies; Palo Alto, CA). Samples were diluted to equal molarity and were pooled

and run in two separate runs on an Illumina MiSeq (Illumina; San Diego, CA).
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Analysis and Statistics of 16S rRNA Gene Sequences

Sequenced reads were processed with Quantitative Insights Into Microbial

Ecology 2 (QIIME2; version 2021.4).21 The Deblur plugin was used in QIIME2 to filter

and denoise the data.22 Taxonomy was analyzed using the SILVA classifier,23 and data

was visualized in R-studio (version 1.4.1717). Diversity was assessed using Operational

Taxonomic Unit (OTU), Faith’s Phylogenetic Diversity,24 Shannon Index,25 and Bray

Curtis dissimilarity within QIIME2. The beta diversity metric of robust Aitchison PCA was

performed using the DEICODE plugin.26 Alpha diversity significance was determined

using pairwise Kruskal-Wallis testing,27 and beta diversity significance was determined

using ANOSIM tests with 999 permutations. The significance of the Aitchison PCA was

quantified using a PERMANOVA test with 999 permutations.

SARS-CoV-2 Testing

Samples were tested for the presence of SARS-CoV-2 viral RNA using the

ABI7500FastDx instrument and TaqPath COVID-19 RT-PCR assay (Thermo Fisher

Scientific; Waltham, MA). Some specimens tested indeterminate (N=26) and had to be

repeated. Upon repeat, only 4 specimens remained indeterminate and were excluded

from the study.
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Results

SARS-CoV-2 Testing

SARS-CoV-2 RT-PCR testing revealed that the most common location where the

virus was located was on the floor of the molecular laboratory (42.1% of tests positive),

followed by the bacteriology floor (13.2% of test positive), COVID laboratory floor

(2.6%), and accessioning bench (2.6%), which also returned positive SARS-CoV-2 tests

(Fig. 1A). When considering the temporal distribution of test results, there were more

positive tests in the first half of the time period than in the second half  (Fig. 1B).
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Figure 1: SARS-CoV-2 test results of clinical laboratory surfaces and locations. Map of
the clinical laboratory and swabbed surfaces is shown that depicts A the bacteriology and
molecular microbiology laboratories and B COVID-testing laboratory. Acronym represents the
surface (accessioning bench, A-BN; bench, BN; sink, SK; floor, FL). Summary of the results of
SARS-CoV-2 PCR testing of the clinical laboratory C grouped by location D grouped by time.
Figure coauthored with Dr. Govind Sah.
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Sequencing Output

After sequences were obtained, quality filtering was performed and 329 out of

380 samples passed the filter and were included in the analysis. Samples were grouped

and analyzed by a lab-wise analysis (130 for bacteriology, 100 for molecular, and 99 for

COVID), or by surface-wise analysis (33 for accessioning bench, 99 for bench, 94 for

floor, and 103 for sink) (Fig. S1). A total of 4,449,418 sequence reads were obtained,

with a median of 10,799 sequences per sample, and an interquartile range (IQR) of

5910 sequences. A sampling depth of 6469 was chosen to account for differences in

the depth of sequencing. The depth was chosen to include as many sequences as

possible, while preserving the number of features present.

Alpha Diversity

Alpha diversity was quantified using observed feature count and by calculating

Faith’s phylogenetic diversity metric. Alpha diversity is a metric that measures diversity

by examining species richness and evenness in a particular group. The different

laboratory surfaces (bench, floor, sink) had significantly different (Kruskal-Wallis; p <

0.05) alpha diversity in both metrics from one another (Fig. 2A, S2), which shows that

the microbial richness of each surface was different from other surfaces in each

laboratory. The floors of each laboratory demonstrated the highest diversity

(Kruskal-Wallis; p < 0.05), while the sinks demonstrated the lowest diversity

(Kruskal-Wallis; p < 0.05) (Fig. S2).
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Shannon’s diversity index was calculated to analyze the diversity longitudinally,

and this displayed that the diversity of the bacterial communities remained stable over

time (Fig. S3), except for the bacteriology sink, which had a significant decrease in

diversity (Pearson; R = -0.77, p < 0.001), and the molecular floor and COVID sink,

which both had an increase in diversity (Pearson; R = 0.37, p = 0.037; R = 0.46, p =

0.005) This shows that for the most part, bacterial communities were stable when

considered longitudinally.
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Figure 2: Alpha diversity of clinical laboratory surfaces. Alpha diversity boxplots of clinical
laboratory surfaces depicting A Faith’s PD B OTU C Shannon index for each surface within
each laboratory group. Alpha diversity metric is shown on the y-axis, while surface group is
shown on the x-axis. Letters “a”, “b”, “c”, “d” represent significance groupings according to
Kruskal-Wallis testing (p < 0.05). The boxplots show the Interquartile Range (IQR) between the
third and first quartiles, the center line is the median, and the top whisker represents the third
quartile plus 1.5 times the IQR, while the bottom whisker represents the first quartile minus 1.5
times the IQR. Outliers are depicted with circles. Figure coauthored with Dr. Govind Sah.
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Beta Diversity

Beta diversity was quantified using the Bray-curtis dissimilarity index. Beta

diversity is a measure of diversity that examines the relationship between different

groups. This analysis demonstrated that there were minimal differences in the

microbiota identified among the different laboratories (Fig. 3A). The analysis, however,

did demonstrate that there were significant differences (ANOSIM; p=0.001) between the

sampled surfaces. For example, there were significant differences in the microbiota

identified on the floor, sink, and the benches.

Figure 3: Beta diversity of clinical laboratory surfaces. Principal coordinates of microbes on
different surfaces in different A laboratories, color represents laboratory location (bacteriology,
orange; COVID, green; molecular, blue) and B surfaces, color represents surface (accessioning
bench, dark blue; bench, teal; floor, yellow; sink, orange). Significance determined by ANOSIM
with 999 permutations and is displayed in the top left corner of each panel. Figure coauthored
with Dr. Govind Sah.
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A robust Aitchison PCA plot was used to investigate which microbes might be

responsible for the differences identified in beta diversity. In the bacteriology laboratory,

differences in beta diversity of floor samples were driven by the γ-proteobacteria,

Lactobacillales, and Dickeya, while the sink diversity was driven by Comamonas,

Staphylococcus, and γ-proteobacteria (Fig. 4A). For the molecular laboratory, floor

diversity was driven by Streptococcus, Nocardia, and Actinobacteria, and

Lactobacillales.

Figure 4: Taxonomic groups driving laboratory beta diversity. Aitchison compositional
biplot for A bacteriology B molecular and C COVID laboratories. Color represents surface
(accessioning bench, blue; bench, green; floor, yellow; sink, orange). Arrows represent clusters
of diversity driving taxa. Significance was determined by PERMANOVA with 999 permutations
and is displayed in the bottom right hand corner of each panel. Figure coauthored with Dr.
Govind Sah.

Discussion

Even though the COVID-19 pandemic is winding down due to the introduction of

effective vaccines, the number of tests performed has held steady, and even increased
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in the United States. In early 2021, the height of testing was during January, when

around 2,100,000 tests were being performed per day, as opposed to late 2021 in

November, which saw daily test counts between 500,000 and 3,100,000 tests.28

Although at UCSD CALM, the number of tests has decreased from around 4,500 per

day at its peak, to around 1,000 tests per day as of November 2021,8 testing will likely

continue far into the future, therefore our findings of SARS-CoV-2 on the surfaces of the

clinical microbiology testing laboratory will remain relevant. Although it is unknown

whether the identified SARS-CoV-2 on the floors of the laboratory (Fig. 1A) represents

infectious or inert virus, its presence suggests that labs processing large numbers of

SARS-CoV-2 specimens may require improved floor sanitation practices. The virus may

originate from outside the laboratory and be tracked in via foot to the laboratory floor or

may be from aerosols generated from the testing of SARS-CoV-2. A third possibility that

this virus appeared from infected employees seems highly unlikely, as during this study,

UCSD had weekly testing practices of all hospital employees, and there were no

positive results among the clinical microbiology laboratory staff during this period. UCSD

performs all sample handling in biosafety hoods, and these findings stress the

importance of strict biosafety techniques when working with potential aerosols.

The significant differences in alpha diversity (Fig. 2) between each surface within

the laboratory sections suggests that there are differential abundances of microbes and

their distribution is distinct among the surfaces. Indeed, we expected to find a distinct

microbiota diversity in the sink because of the abundance of water-associated

organisms that live in this habitat. Those microbes differ in diversity from those found on
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the floor, which was highest in alpha diversity. We believe that the floor has so many

microbes because many of them are brought inside through contact with the outside

environment. Our largest concern was the diversity of microbes on the bench surfaces

in the laboratory. These laboratory surfaces are constantly cleaned to keep

contaminating microbes away from potentially being planted on culture medium. The

relatively low diversity of these surfaces compared to the floors, suggests that the

frequent bench sanitation practices in the laboratory likely are affecting the contents of

the bench microbiomes significantly.

Many of the microbes that were shown to drive diversity are either environmental

or human-associated microbes. The diversity seen on the floor of the bacteriology

laboratory is driven primarily by the class γ-proteobacteria, order Lactobacillales, and

genus Dickeya (Fig. 4A) Dickeya is a common plant pathogen,29 so it is not surprising to

find it as a driver of floor diversity, where it may have been tracked into the lab on foot.

Also of note in the bacteriology laboratory are the drivers of microbiome diversity in the

sink. Notably, Comamonas and multiple species of Staphylococcus (Fig. 4A).

Comamonas is a common environmental bacterium occasionally found in mud or

water,31 therefore its presence in the sink is not unexpected. Staphylococcus is a

human-associated skin bacteria and a normal member of the microbiome, and is

sometimes associated with human disease, so their presence on the surfaces suggests

that they occur there as a result of human contact. Its presence on the sink surfaces

may be due to hand washing.

16



Many of the microbes found on the surfaces of the bacteriology laboratory

appeared to be human-associated, and consistent with this representing an area where

there is constant cultivation of bacterial pathogens from patient specimens. Some of

these species, such as the multiple species of Staphylococcus, are often normal

members of the human microbiome, but can be pathogenic under the right

circumstances. Environments have been shown to pick up human-associated bacteria

through normal interaction, as is evidenced from cell phones taking on the microbiota

associated with the hand and door knobs/light switches appearing the same,16 so it is

likely that the presence of these microbes is due to human transfer. Therefore, further

investigation is needed to determine whether changes in sanitization protocols may

lower the risk that potentially pathogenic microbes such as Staphylococcus may be

transferred to unwitting individuals utilizing these surfaces.

Within the molecular laboratory, the taxa accounting for diversity include

Streptococcus, Nocardia, and Actinobacteria. Streptococcus is a human-associated

bacteria and a normal member of the human microbiome on both the skin and in the

oral cavity.32 Nocardia are usually associated with the soil, and are occasionally

pathogenic in immunocompromised hosts.33 Actinobacteria also are common

environmental bacteria that are closely related to Nocardia.34 The presence of these two

microbes driving diversity of the molecular laboratory suggests that

environment-associated microbes predominate in the molecular laboratory, and

probably arrive in the laboratory because they have been tracked in on foot.
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Conclusions

This is the first study to investigate the microbial communities and their

succession in the clinical microbiology laboratory, and the first to assess for the

presence of SARS-CoV-2 outside of biosafety cabinets in the laboratory. SARS-CoV-2

was found primarily on the floors of the laboratory, largely in the molecular microbiology

laboratory (where much of the SARS-CoV-2 testing was taking place), however it is

unknown if the virus we identified was infectious on the laboratory surfaces at the time

they were found. Microbiome analysis of workbenches, sinks, and floors revealed

unique communities of primarily human-associated and environmental bacteria. The

characterization of the clinical microbiology laboratory provides a greater understanding

of what microbes come to inhabit the surfaces of the laboratory. The discovery of

SARS-CoV-2 on the floors should be taken into consideration when determining

sanitization protocols and for assessing the potential risk for exposures for any

laboratory processing a large number of SARS-CoV-2 tests.
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Supplementary

Figure S1: Sample count before and after filtering of different laboratories and surfaces.
Figure coauthored with Dr. Govind Sah.

Figure S2: Q-values of Kruskal-Wallis pairwise testing for different alpha diversity
metrics. Significance is denoted with yellow highlight. Figure coauthored with Dr. Govind Sah.
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Figure S3: Scatterplot showing the correlation between Shannon index (y-axis) and
sampling day (x-axis) of different laboratories and their surfaces. Significance determined
by Pearson testing with stars denoting significant p-values. Figure coauthored with Dr. Govind
Sah.
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