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An Upper-Division, Remote Microbiology Laboratory That Blends Virtual
and Hands-on Components to Promote Student Success during

the COVID-19 Pandemic

Candace Guzman-Colea and Marcos E. García-Ojedaa
aDepartment of Molecular and Cell Biology, School of Natural Sciences, University of

California, Merced, Merced, California, USA

The COVID-19 shutdown forced many institutions of higher education to shift in-person teaching to emergency
remote teaching. This was particularly challenging for laboratory courses, where students are expected to learn
hands-on skills needed for their career goals. Here, we describe the transformation of an upper-division microbi-
ology laboratory to a course that seamlessly integrates online simulations with safe, hands-on experiences that
can be done from home. This blended lab course helped students attain learning outcomes similar to those
achieved in the in-person class. We illustrate the implementation of Unknown Portfolios to help students gain
the data analysis and critical thinking skills needed to identify an unknown microorganism. Our data show that
students who took these online courses mastered material as well as students who took the lab in person, dem-
onstrating proficiency in laboratory safety skills, hands-on techniques, and theoretical class content. Last, we
explore online adaptations to enhance in-person lab classes, aiming at reducing the accessibility and equity gaps
inherited in many courses, as well as discussing challenges that instructors might experience in this process.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic forced

educational institutions to shift instruction from in-person deliv-

ery to emergency remote teaching (ERT) (1). This was particu-

larly challenging for laboratory courses, where students learn

hand-on skills. In-person microbiology lab courses emphasize

mastery of hands-on skills that are challenging to teach remotely,

including aseptic technique, microbial plating techniques, micro-

scope skills, and microbial stains (2, 3). For microbiology students,

it is imperative to demonstrate mastery of these techniques and

skills beyond their conceptual and theoretical understanding.

Teaching hands-on techniques usually involves demonstra-

tions by faculty and graduate assistants, utilizing equipment readily

available in teaching labs. Lab courses designed for remote deliv-

ery incorporate class content and experiences intentionally orch-

estrated to provide students with an experience similar to that

obtained in the in-person lab. This is often done by using videos

or simulations (4–8). However, the experience of being physically
in the lab, as well as the acquisition of hands-on skills needed to

perform microbiological techniques, is challenging to replicate

remotely with ERT (3, 5). The principal challenge of ERT is that

most faculty have neither the training nor the time to prepare

lab course content for effective remote instruction (9). Under

ERT conditions, how do instructors translate the in-person lab

experience to an online environment?

In this article, we describe the adaptation of an upper-divi-

sion microbiology laboratory course for remote delivery in the

fall 2020 and spring 2021 semesters at a Ph.D.-granting research

university in California. This lab incorporated simulations and

hands-on experiments that could be safely performed at home.

Also, we created Unknown Portfolios, providing students the

opportunity to analyze biochemical data to identify an unknown

pseudomonad. We hypothesized that our adapted online course

would prepare students as well as the in-person laboratory class.

Here, we analyzed data from these blended, online courses and

compared it to labs taught in person. We conclude with the les-

sons learned from this experience and discuss modifications that

could be incorporated into future lab courses.

BACKGROUND

The transition to ERT in spring 2020 affected institutions of

learning worldwide. Although there has been a trend to expand

courses to online delivery, doing so during a global crisis posed
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challenges for instructors, many lacking training, time, and resour-

ces (1). Online courses are carefully orchestrated and intention-

ally designed for online delivery. They help accommodate stu-

dents’ schedules (10), help mitigate the challenges of increase

enrollments, and free lab funding for other needs (11). Some

online laboratory models rely exclusively on online content,

using homemade or commercial simulations to emulate the in-

person experience (12). Labster, for example, provides a large

selection of simulations covering multiple microbiology topics

(13–15). However, institutional access to these simulations is

costly and therefore not readily available to all institutions.

Some online courses incorporate remote hands-on activ-

ities to provide students with the skills usually experienced in

an in-person lab. These might come at a considerable cost to

the student—over $300 for courses taught via extension pro-

grams. Science Interactive (https://www.scienceinteractive.com/),

for example, provides kits for microbiology courses that can be

customized to accommodate different microbiology curricula.

Students have reported enjoying the hands-on component in

these mixed-methods courses and expressed their desire for

more courses to incorporate hands-on experiences (16).

The General Microbiology Laboratory

The General Microbiology Laboratory is a 3-unit, upper-di-

vision course that meets twice a week for a 2-h 50-min lab and

once a week for a 50-min lecture. This format is similar to that

of other upper-division microbiology lab courses taught at our

sister institutions. This course, taken by juniors and seniors,

must be taken in conjunction with (or after) the General

Microbiology Lecture class (a 4-unit upper-division course), as

its lab activities are designed to reinforce the material covered

in the lecture course. To take these microbiology classes, stu-

dents must have passed introductory biology, introductory mo-

lecular biology (both lower-division courses), and the upper-di-

vision cell biology course.

During the 15-week semester, this lab incorporates 11

experimental activities covering microscopy, bacterial quantifi-

cation, regulation of the lac operon in Escherichia coli, bacterial
transformation, isolation and characterization of auxotrophic

mutants, the Ames mutagenicity test, and transmission of drug

resistance. Through the delivery of these laboratory experien-

ces, the course also instills general microbiology laboratory

skills, such as aseptic technique, microscopy, microbial sample

preparation and staining, various cell plating methods, and serial

dilutions. The capstone project of the course is an inquiry-based

experiment where students enrich, isolate, and characterize,

both biochemically and molecularly, a pseudomonad species

obtained from soil as well as a provided unknown pseudomo-

nad. Students are taught to keep a laboratory notebook follow-

ing good laboratory practice (GLP) principles associated with

the biotech industry. Assessment for the class includes two

exams that evaluate theoretical, quantitative, and practical

knowledge and skills. Learning is evaluated also by six quizzes,

six notebook checks, homework assignments, lab effort and

participation, and the capstone project paper.

Transforming the General Microbiology Laboratory
for remote delivery during ERT

The COVID-19 shutdown forced us to move our courses

online during the 2020-2021 academic year. During summer

2020, we reorganized the General Microbiology Laboratory

course following the principles described by Herzog and Mawn

(17). We created a class where students would get practical expe-

rience in microbiological techniques at home as well as the theory

and virtual practice afforded in laboratory simulations. Students

received a lab kit at home, at no charge, to perform hands-on

experiments. We also transformed the class’s unknown-pseudo-
monad capstone project for remote delivery. We removed the

soil bacterium enrichment and isolation portion of the lab and

provided students microscopic and biochemical data organized in

an Unknown Portfolio. We adapted our exams to be delivered

online while retaining the streak plate technique as the hands-on

practical assessment. Moreover, lab notebooks were moved

online using platforms like Google Docs. We hypothesized that

our online course, like the in-person class, provided the theoreti-

cal and hands-on components required to achieve the course’s
learning objectives. The course’s learning objectives can be found

in supplemental material 1.

Creation of a fully online course incorporating
homemade and commercial simulations

We took a blended-model approach when redesigning the

General Microbiology lab for ERT that included Labster and

homemade simulations. We incorporated 18 Labster simulations

that aligned with the topics taught in the General Microbiology

lecture course or which reinforced the topics covered in the lab

experiments. Also, we incorporated the following non-Labster

simulations: (i) streak plate technique (18), (ii) the Bacterial

Identification Lab by BioInteractive (19), and (iii) “Advanced con-

cepts in lac operon transcription regulation” by Cell Collective

(cellcollective.org) (20, 21). A list of the simulations used, including

their URL addresses, is available in supplemental material 2.

Retained labs that could be easily adapted to the
online environment

The online laboratory incorporated various experiments

previously used during the in-person course. For example,

experiment 4 (plate counts) and experiment 5 (growth rates)

explore the concepts of serial dilutions, as well as the math of

calculating dilutions and dilution factors. They also teach stu-

dents the math associated with exponential growth. To transi-

tion these labs for online delivery, we provided students with

data from previous iterations of the class, allowing them to an-

alyze the data and generate growth curves.

Home video demonstrations

We created videos to guide students through the hands-

on skills they would learn in the lab and reinforce lab course
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concepts. We also used videos available online free of charge.

We made videos illustrating (i) pouring agar into petri dishes,

(ii) streak plate technique, and (iii) Gram staining at home.

For an example of a home video demonstration, see supple-

mental material 3.

Hands-on skills at home

We provided students with lab materials to recreate

experimental procedures at home. Students received a begin-

ner’s microscope capable of ×1,200 magnification from AmScope

(https://amscope.com/products/c-m30-abs-kt2). From Home

Science Tools, students received a bacteria growing kit containing

nutrient agar and 20 petri dishes (https://www.homesciencetools.

com/product/bacteria-growing-kit/), a Gram staining kit (https://

www.homesciencetools.com/product/gram-stain-lab-kit/), and

an inoculating loop (https://www.homesciencetools.com/product/

inoculating-needle-looped-end/). In total, the cost of these mate-

rials was $104.04 per student. At home, students would need

their personal protective equipment (PPE), a candle to steri-

lize their inoculating loop and heat-fix their Gram stain slides,

matches, disinfectant solution to clean their work area, 10%

bleach solution to treat used nutrient agar plates before dis-

posal, and a large plastic disposable container to incubate

their plates.

Growth of kombuchamicrobes

We wanted to provide students with experience handling

microorganisms, keeping in mind the safety considerations of

performing these activities at home. Kombucha, a fermented

tea, provides a model microbial community that is safe for stu-

dents to handle outside the teaching lab (22, 23). GT’s kombu-
cha contains 3 probiotics: Bacillus coagulans, Saccharomyces bou-
lardii, and lactobacilli. These are easily distinguishable from one

another (Fig. 1) using microscopy and colony morphology (24,

25). These microbes settle at the bottom of a kombucha bottle,

creating a slurry that students used for plating.

Probiotics are considered safe for human consumption

and manipulation (26–28). Kombucha microbes are classified

by default as risk group 1 (RG1) agents in Appendix B of the

NIH’s “Guidelines for Research Involving Recombinant or

Synthetic Nucleic Acid Molecules” (29), as they are agents not

associated with disease in healthy adult humans. However, even

RG1 microbes may pose health risks if mishandled or if handled

by immunocompromised individuals. Therefore, students were

instructed to treat the kombucha microorganisms carefully,

always using aseptic technique and wearing appropriate PPE

when handling them.

To isolate individual colonies from kombucha microbes,

students started by pouring their own nutrient agar petri

dishes. Subsequently, they plated the kombucha slurry onto

nutrient agar plates. After a 48-h incubation at room tempera-

ture, students examined their plates for growth and submitted

pictures for feedback. Students were instructed to place their

plates in a plastic, disposable secondary container during incuba-

tion, to prevent potential exposure and minimize contamina-

tion. Students then selected colonies of either B. coagulans, S.
boulardii, or lactobacilli and used the streak plate technique to

restreak the individual colonies onto nutrient agar plates, evalu-

ating purity after a 48-h incubation at room temperature

(Fig. 2). They also performed Gram stains on their selected col-

onies (data not shown). To discard used nutrient agar plates,

students covered the plates with 10% bleach for 10 min before

discarding them in the trash.

Laboratory safety instruction

A critical subject taught in any microbiology course is lab

safety. Instructional labs are usually biosafety level 1 (BSL-1) facili-

ties and have equipment designed to contain the potential spread

of microorganisms and mitigate accidents (fire extinguishers, eye

wash stations, shower stations, first-aid kits, and chemical spill

containment kits) (30). These are largely missing from nonclass-

room instructional environments, like a student’s home or dorm.
Therefore, instructors must be deliberate in teaching laboratory

FIG 1. Illustration of the microbial community in GT’s kombucha. (A) Microscopic image, at ×1,200 magnification,
showing the cell morphologies for presumed Bacillus coagulans, Saccharomyces boulardii, and Lactobacillus. The image
was taken with the microscope provided to students. (B) Colony morphology of kombucha microbes grown in
homemade petri dishes. (C) Enlargement of selected colonies to enhance visualization.
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safety principles remotely as well as cognizant of designing labora-

tory experiences to be performed safely outside of the lab.

We took a multiassignment approach to teach students the

theory of laboratory safety. First, we required that students pass

the institution’s environmental health and safety (EHS) course

“Lab Safety Fundamentals W/O HazMat.” This course is required
for any person, irrespective of rank, to perform bench science

research at our institution. After passing the course, students

submitted a copy of their certificate to earn credit. Second, stu-

dents in the fall 2020 and spring 2021 semesters performed and

passed Labster’s Lab Safety and Biosafety simulations, which rein-
forced the principles of safety needed to perform the experi-

ments at home. These simulations were assigned at the beginning

of the course, before starting any hands-on manipulations. Lastly,

students read and signed the Laboratory Safety Institute

(labsafety.org) “Safe Science at Home Science Safety Rules

Agreement,” to emphasize the practice of laboratory safety prin-

ciples at home. We hypothesized that these activities increased

students’ awareness of the potential safety issues of performing

microbiology laboratory experiments at home.

Identification of an unknown pseudomonad

Like in many microbiology labs (31–33), identification of an

unknown bacterium is a capstone project of our class. Our class

project involves the enrichment and isolation of a pseudomonad

from soil, followed by morphological, biochemical, and molecular

characterization of the isolate. During ERT, we transitioned our

unknown pseudomonad capstone project to a fully online experi-

ence. First, we removed the soil bacterium enrichment and isola-

tion portion of the lab. Second, we produced 7 Unknown

Portfolios, consisting of student-generated microscopic and bio-

chemical data images from previous semesters, designed to help

characterize the unknown pseudomonad.

Students were provided background content about pseu-

domonads and then randomly assigned one of 7 Unknown

Portfolios. These contain student-generated images of the

results of a wet mount, Gram stain, oxidation-fermentation

tests, and the oxidase test. Students were asked to interpret

these test results and determine whether these data were con-

sistent with the enrichment of a pseudomonad. Following this,

students received a number and were provided a corresponding

Unknown Portfolio with images of results for the following

tests: starch hydrolysis, gelatin hydrolysis, lecithin hydrolysis, pig-

ment production, nitrate reduction, and growth at 4°C, 30°C,

and 42°C. These images included labeled positive and negative

controls and were generated from data collected by students in

previous semesters. The Unknown Portfolio also contained cat-

abolic data in the form of optical density readings at 600 nm

(OD600) meant to represent their unknown’s ability to utilize

10 different carbon sources. The Unknown Portfolio also

included a key containing the results of the biochemical tests

and catabolic data for all potential Pseudomonas species. For an
example of the Unknown Portfolio for P. aeruginosa, see supple-
mental material 4.

FIG 2. Students’ streak plating technique for the isolation of single colonies from kombucha as
part of exam 1. (A and D) Representative streak plates demonstrating a high level of mastery of
the streak plating technique. Note the single colonies in the fourth quadrant. (B and E) Plates
demonstrating intermediate levels of mastery of the streak plating technique. Note the absence
of colonies in the fourth quadrant (B) and the lack of separation of colonies (E). (C and F)
Representative samples of unsuccessful streak technique. Note the presence of contamination
(C) and the absence of sample dilution (F). White squares hide students’ identifying information.
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Students interpreted the results of their biochemical assays,

identified their unknown organism and reported their findings

in a lab report following a detailed rubric. Students earned 10%

of the grade for accurately identifying their unknown pseudo-

monad based on the correct interpretation of the results in the

Unknown Portfolio. Students were given points for correctly

interpreted results even if they were unable to correctly identify

their unknown organism.

Molecular characterization of the unknown pseu-
domonad

Prior to ERT, students PCR-amplified the 16S rRNA

gene of their pseudomonad isolate and unknown to obtain

sequence data. The sequence would then be analyzed by

BLAST, corroborating the biochemical identification of their

pseudomonad species. In lieu of this, during ERT, students

received 16S rRNA gene sequences for their assigned

unknown pseudomonads and performed BLAST analysis to

identify it. This analysis was done in conjunction with the

BioInteractive simulation. Together, the molecular and bio-

chemical data were used to identify the unknown pseudo-

monad. We hypothesized that the Unknown Portfolio

would be as effective as the in-person project at providing

students the necessarily experience and data to correctly

identify their unknown pseudomonad.

METHODS

Context

For this study, we evaluated data from an upper-division

general microbiology laboratory course taught during the 15-

week spring 2019, fall 2019, spring 2020, fall 2020, and spring

2021 semesters at an R2 Carnegie Classification (34) research

university in California. The spring 2019 and fall 2019 semesters

were taught fully in person (IP); the first 10 weeks of the spring

2020 semester were taught in person, and classes transitioned

to ERTafter spring break. The fall 2020 and spring 2021 semes-

ters were taught remotely (RMT) (Table 1). The spring 2019,

fall 2019, and spring 2020 semesters had 3 teaching assistants

(TAs), while both the fall 2020 and spring 2021 semesters had 2

TAs. Each week, the lab course met twice for a 2-h 50-min lab

session and once for a 50-min lecture.

The institution has a diverse student population: the

university has over 8,321 undergraduate students and is

designated as both a Hispanic-serving institution (HSI) and

an Asian American/Native American/Pacific Islander-serving

institution (AANAPISI). In fall 2021, 70% of the institution’s
undergraduates were first-generation college students, 61%

were Pell grant eligible, and 71% came from traditionally

underrepresented communities. STEM (science, technology,

engineering, and math) majors constitute 55% of the under-

graduate students.

Participants

The student population in this study included 56 students in

spring 2019, 34 students in fall 2019, 58 students in spring 2020,

40 students in fall 2020, and 41 students in spring 2020 (N=229).

The predominant racial and ethnic makeup of the combined

cohorts was 37.6% Asian and 43.8% Hispanic students, reflecting

the university’s HSI and AANAPISI designations. The remaining

population comprised 2.2% Black, 10.9% white, 2.2% multiracial,

and 4.4% international students. The cohort is primarily com-

posed of female students (64.2%) and seniors (94.8%). The aver-

age student age was 21.3years (standard deviation [SD]=1.2;

range, 19 to 31). A one-way analysis of variance (ANOVA)

showed that students’ grade point average (GPA) did not differ

significantly between the five cohorts [F(4,223)=1.27, P=0.282].
Demographics and grade data came from institutional records.

These data are summarized in Table 2.

Student assessment data acquisition, analysis, and
statistics

All students’ assessment data were obtained from Canvas,

the courses’ learning management system (LMS). This included

overall course performance, scores from questions evaluating

mastery of laboratory safety procedures, homework, streak

plate scores, and results from the laboratory project on the

identification of an unknown pseudomonad. Data were dei-

dentified before analysis and are presented as means (M) ± SD

or as raw total numbers.

TABLE 1

Description of teaching and exam delivery mode for each semester

Semester No. of participants (N=228)

No. of wks (range) Delivery modea

In person Remote Exam 1 Exam 2

Spring 2019 56 1–15 IP IP

Fall 2019 34 1–15 IP IP

Spring 2020 58 1–9 10–15 IP RMT

Fall 2020 39 1–15 RMT RMT

Spring 2021 41 1–15 RMT RMT
aIP, in person; RMT, remote.
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(i) Exams

The lab class has a midterm (exam 1) and a final (exam 2).

The exams given in the in-person and online courses were iso-

metric, similar exams with slight modifications to questions

assessing identical learning outcomes between semesters. These

changes include using different values for calculation questions,

changing colony images to evaluate knowledge of colony mor-

phology terminology, and asking different questions within the

same Bloom’s taxonomic hierarchy. This was done to dissuade

sharing of exams or knowledge of exams between semesters

and sections. An example of these types of isometric questions

can be found in supplemental material 5. The final exam was not

comprehensive and was identical in all instances, as the students

did not get the opportunity to keep this assessment.

(ii) Discouraging academic dishonesty

Exams were proctored carefully to minimize the oppor-

tunity for cheating. All exams were taken during the lab pe-

riod, irrespective of the semester taken. Exams taken in per-

son were proctored by the teaching assistants. Exams given

remotely through the LMS were proctored by using the

Respondus LockDown browser. The LockDown browser

creates a secure browser page that opens the assessment and

prevents activities such as printing, copying/pasting, opening unau-

thorized web pages, or accessing other unauthorized applications.

To further minimize the opportunity for cheating during

the online exam, isometric exam questions from previous

semesters were placed in a question group, and the LMS

randomly assigned a question from each group to a student.

For an example of questions found in a group, see supple-

mental material 5.

Statistical analysis was done in Microsoft Excel (version

16.54) or using the Social Science Statistics website (35–39).
The chi-square test of independence (37) was used to compare

the number of correctly identified unknowns versus the mode

of data presentation (Unknown Portfolio versus in-person data

collection). One-tailed t tests (36) were used to compare stu-

dent performance on exams between in-person semesters and

semesters with remote instruction. Hedges’ g statistic was used
to measure the effect size between semesters (35), while confi-

dence intervals (38) were calculated to estimate the probability

that the values calculated lie within the calculated means. One-

way ANOVAs were used to find statistical differences between

exam performance across semesters as well as to compare

overall course performance between semesters. Tukey’s hon-
estly significant difference (HSD) test was used to identify which

TABLE 2

Participants’demographic information

Characteristic

Value for:

Spring 2019
(n = 56)

Fall 2019
(n = 34)

Spring 2020
(n = 58)

Fall 2020
(n = 40)

Spring 2021
(n = 41)

Overall
(N = 229)

Gender [no. (%)]

Male 20 (35.7) 11 (32.4) 20 (34) 17 (42.5) 13 (31.7) 81 (35.4)

Female 35 (62.5) 23 (67.6) 38 (66) 23 (57.5) 28 (68.3) 147 (64.2)

Race/ethnicity [no. (%)]

Asian 26 (46.4) 11 (32.4) 20 (34.5) 15 (37.5) 14 (34.1) 86 (37.6)

Black 1 (1.8) 0 (0) 1 (1.7) 2 (5.0) 1 (2.4) 5 (2.2)

Hispanic 23 (41.1) 15 (44.1) 28 (48.3) 12 (30) 20 (48.8) 98 (42.8)

White 4 (7.1) 6 (17.6) 5 (8.6) 6 (15) 4 (9.8) 25 (10.9)

Multiracial 0 (0) 0 (0) 1 (1.7) 2 (5.0) 0 (0) 3 (2.2)

International 1 (1.8) 2 (5.9) 3 (5.2) 3 (7.5) 1 (2.4) 10 (4.4)

Unknowna 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.4) 1 (0.4)

Age (yr) [M (range)] 21.4 (20–24) 21.6 (20–31) 21.4 (20–29) 21 (20–22) 21.1 (19–24) 21.3 (19–31)

Class (%)

Junior 0 2.9 5.2 10 9.8 5.2

Senior 100 97.1 94.8 90 90.2 94.8

GPA (M ± SD) 3.06 ± 0.35 3.18 ± 0.36 3.02 ± 0.39 3.13 ± 0.43 3.13 ± 0.36 3.09 ± 0.38
aStudents who declined to report race/ethnicity.

BLENDED MICROBIOLOGY LAB FOR STUDENT SUCCESS JOURNAL OF MICROBIOLOGY AND BIOLOGY EDUCATION

August 2022 Volume 23 Issue 2 10.1128/jmbe.00328-21 6

https://journals.asm.org/journal/jmbe
https://doi.org/10.1128/jmbe.00328-21


semesters’ exam performance were significantly different (39).

Statistical analyses were considered significant at a P value of

<0.05.

RESULTS

Overall course performance

We designed an online lab that blended the theoretical

and hands-on components associated with an in-person micro-

biology laboratory class. We hypothesized that students in the

online course would perform similarly to students in an in-per-

son laboratory class, as they were provided with similar course

content and the courses had the same learning outcomes. To

evaluate this, we examined the overall course performance in

semesters taught remotely (RMT) and compared it to that in

semesters taught in person (IP). The spring 2019 and fall 2019

semesters were taught fully in person, the spring 2020 semester

was partially taught in person, and the fall 2020 and spring 2021

semesters were taught fully remotely (Table 1). Figure 3 shows

a box-and-whisker plot summarizing these data. A one-way

ANOVA on these final course scores yielded significant varia-

tion among semesters F(4,223)=6.03; P=0.0001. A post hoc
Tukey’s HSD test showed that the IP spring 2019 semester

(M=88.7, SD=4.2, P=0.019), the IP fall 2019 semester

(M=91.8, SD=3.9, P=0.00001), and the (partially RMT) spring

2020 semester (M=89.9, SD=7.5, P=0.002) differed signifi-

cantly from the RMT fall 2020 semester (M=83.7, SD=11.7).

The partially RMT spring 2020 semester was not significantly

different from the IP spring 2019 or IP fall 2019 semester. The

RMT spring 2021 semester (M=88.1, SD=8.8) was not signifi-

cantly different from the other four semesters.

Exam performance

We hypothesized that our blended, online course prepared

students as well as the in-person laboratory class. We therefore

compared the exam performance for the students who took

the class in person to the students who took the lab remotely.

The lab class has a midterm (exam 1) and a noncomprehensive

final (exam 2). As shown in Table 1, exam 1 was administered in

person in spring 2019, fall 2019, and spring 2020, whereas it

was administered online in fall 2020 and spring 2021. Exam 2

was administered in person only in spring 2019 and fall 2019,

whereas it was administered online in spring 2020, fall 2020,

and spring 2021.

Table 3 summarizes the performance data for exam 1 and

exam 2. Since exam 1 in different semesters is isometric and

evaluates the same learning outcomes, we compared the raw

scores of exam 1 delivered in person (n=148) and remotely

(n=80). We found no difference in scores between students

who took exam 1 in person (M=120.6, SD=13.8) or remotely

(M=120.9, SD=14.7), as determined by a one-tailed t test [t
(226) = �0.15; P> 0.05; 95% confidence interval (CI), �3.57 to

4.16; Hedges’ g=0.02].
We then compared the raw scores of exam 2 deployed in

person (n=90) and remotely (n=138). Students who took

exam 2 in person (M=123.7, SD=13.1) performed better than

students who took the exam remotely (M=116.2, SD=19.4).

This difference was determined to be significant by a one-tailed

t test [t(226)=3.21; P< 0.001; 95% CI, 2.88 to 12.04; Hedges’
g=0.43].

To further elucidate the source of variation in exam 2

performance, we disaggregated the exam 2 data and compared

individual exam performance for all 5 semesters (Table 3). A one-

way ANOVA for exam 2 scores confirmed that there was a sig-

nificant difference between scores: F(4, 223)=11.58, P< 0.00001.
Tukey’s HSD test indicated that exam 2 scores for IP spring 2019

(M=121.5, SD=12.9), IP fall 2019 (M=127.3, SD=12.7), and

partially RMT spring 2020 (M=123.8, SD=13.3) were signifi-

cantly higher (P< 0.00003) than the RMT fall 2020 scores

(M=105, SD=22.1). The exam 2 scores for IP fall 2019 were

also significantly higher (P=0.014) than RMT spring 2021 scores

(M=116.3, SD=19.0).

Experiment 4/5 homework

We compared student performance in another assess-

ment, the combined homework for experiment 4 (plate counts)

and experiment 5 (growth rates). These labs explored the con-

cepts of serial dilutions, as well as the math of calculating dilu-

tions, dilution factors, and exponential growth. The homework

score for students who took the class in person (M=29.0,

SD=1.7) was significantly higher than the score for students

who took the class remotely (M=24.1, SD=6.7), as calculated

FIG 3. Box-and-whisker graph of the overall course score (in
percent) for each semester examined. The “×” in each box represents
the average score of the class, while the horizontal line in the box
represents the median score. The dashed line at 68% represents a
C�, the passing threshold grade for the class; Students with scores of
≥68% passed the class. Outliers are shown as open dots. Spring
2019, n=56; fall 2019, n=34; spring 2020, n=58; fall 2020, n=40;
spring 2021, n=41. *, P≤0.05; **, P≤0.01; ****, P≤0.0001.
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by a one-tailed t test [t(226)=6.78; P< 0.00001; 95% CI, 3.49 to

6.35; Hedges’ g=0.92].
We disassociated the experiment 4/5 homework data to

determine the source of variation. A one-tailed ANOVA con-

firmed the results of the t test F(4,223)=18.4, P< 0.00001. The
post hoc Tukey HSD revealed multiple differences (Fig. 4). The IP

spring 2019 homework score (M=29.4, SD=1.6) was significantly

higher (P=0.01) than the partially RMT spring 2020 homework

score (M=25.7, SD=4.3), significantly higher (P< 0.000001) than

the RMT fall 2020 homework score (M=20.8, SD=7.9), and sig-

nificantly higher (P=0.00062) than the homework score for RMT
spring 2021 (M=24.9, SD=7.4). Moreover, the IP fall 2019 home-

work score (M=28.5, SD=1.8) was significantly higher than the

RMT fall 2020 homework score (P< 0.000001) and the RMT

spring 2021 homework score (P=0.011). Last, the RMT fall 2020

homework score was significantly lower than those for the par-

tially RMT spring 2020 (P=0.00012) and the RMT spring 2021

(P=0.0025) homework.

Lab safety questions

We hypothesized that the lab safety training provided in

our fall 2020 and spring 2021 online courses would be as

effective as the training provided in-person. In both semesters,

students were required to pass the institution’s environmental
health and safety course Lab Safety Fundamentals W/O

HazMat. They also experienced two Labster simulations: Lab

Safety and Biosafety. As part of exam 1, students were asked

the following 2 lab safety essay questions, each worth 10 points.

Question 8: How aware are you about laboratory safety

risks in the microbiology lab? List 4 lab safety risks in our

lab, and what are the measures to address them.

Question 21: List 5 safety concerns illustrated in this

image [see Fig. S1].

We compared the raw scores for lab safety question 8 and

question 21 in the RMT fall 2020 (n=40) and RMT spring 2021

(n=41) semesters. Students performed equally well on question

8 independent of semester (fall 2020, M=8.0, SD=2.6; spring

2021, M=8.2, SD=2.3), as determined by a one-tailed t test [t
(78)=0.35; P> 0.05; 95% CI, �0.89 to 1.29; Hedges’ g=0.08].
Similarly, a one-tailed t test showed that there was no difference

in score for question 21 between the two semesters (fall 2020:

M=9.8, SD=0.5; spring 2021, M=9.7, SD=0.8) [t(78) = �0.87;

P> 0.05; 95% CI,�0.2 to 0.4; Hedges’ g=0.15] (Fig. 5).

Unknown Portfolios

The capstone project of many microbiology laboratory

courses is the identification of an unknown (31–33). For the
semesters taught remotely, we provided students with

Unknown Portfolios, containing data images from various

microscopic and biochemical tests for 7 different unknown

pseudomonads. We hypothesized that the Unknown

Portfolio would be as effective as the in-person project at

providing students the necessarily experience and data to

correctly identify their unknown pseudomonad. Therefore,

we evaluated whether students correctly or incorrectly

identified their unknown pseudomonads when the experi-

ment was performed in person (n= 146) or remotely using

the Unknown Portfolio (n= 71). These calculations were

based on students who submitted the assignment, as 11 stu-

dents did not submit it (Table 4). Students who submitted a

paper but failed to include their unknown number were

assigned to the incorrectly identified group. A chi-square test

TABLE 3

Assessment score comparison between semesters

Semester or mode

Exam 1 Exam 2 HW4/5a Final score (%)b

n

Score

n

Score

M SD M SDM SD M SD

Spring 2019 56 121.6 12.9 121.5 12.9 29.4 1.6 88.7 4.2

Fall 2019 34 125.5 12.8 127.3 12.7 28.5 1.8 91.8 3.9

Spring 2020 58 116.8 14.3 123.8 13.3 25.7 4.3 89.9 7.7

Fall 2020 39 118.7 15.4 105.0 22.1 20.8 7.9 83.7 11.8

Spring 2021 41 123.0 13.9 116.3 19.0 24.9 7.4 88.1 8.8

In personc 148 120.6 13.8 90 123.7 13.1 29.0 1.7 89.9 86.0

Remote 80 120.9 14.7 138 116.2 19.4 24.1 6.7 5.8 10.5
aLab 4/5 homework score.
bFinal score data for spring 2020 were included in the in-person combined average and standard deviation calculations, as most of the

semester was taught in person.
cFor in-person evaluation (n= 148), exam 1 data from spring 2019 (n= 56), fall 2019 (n= 34) and spring 2020 (n= 58) were aggregated, while
remote data (n= 80) included fall 2020 (n= 39) and spring 2021 (n= 41) data. For exam 2 and HW 4/5, in-person data (n= 90) included
spring 2019 and fall 2019 data only, while remote data (n= 138) included spring 2020, fall 2020 and spring 2021 data. Exam 1 and exam 2 had

a maximum score of 150 points, HW 4/5 had a maximum score of 30 points, and the final score had a maximum of 100%.
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of independence showed that there was no significant associa-

tion between the correct identification of the unknown pseu-

domonad and mode of data presentation [χ2(1, N=217)=0.05,

P> 0.05].

Streak plate technique

We hypothesized that students in the blended, online course

would gain good hands-on techniques remotely. The streak plate

technique is an important skill for any microbiology student to

isolate independent colonies. Therefore, we evaluated the scores

obtained in the streak plate assessments submitted as part of

exam 1 (see Fig. 2 for sample plates). We compared the scores

for the fall 2020 and spring 2021 remote semesters only, as we

did not have access to scores from previous in-person semesters.

Based on our analysis, the streak plate scores for the fall 2020 se-

mester (M=3.9, SD=1.7) and spring 2021 semester (M=4.1,

SD=1.5) were not statistically different, as determined by a one-

tailed t test [t(78) = �0.31; P=0.38; 95% CI, �0.56 to 0.86;

Hedges’ g=0.12] (Fig. S2).

DISCUSSION

The COVID-19 pandemic shutdown forced us to switch

our in-person microbiology lab to online delivery. Over the 2020

summer, we developed an online microbiology laboratory that

blended online simulations with hands-on laboratory experi-

ments. We examined performance in various assessments to

evaluate how students taking the blended, online lab compared

to students who took the equivalent lab in-person. Taken to-

gether, our data indicate that the blended, online lab was as effec-

tive as the in-person class at helping students master course con-

tent and achieve course learning outcomes. Students in the

blended, remote lab, for example, were able to isolate individual

microbial colonies from a microbial community in kombucha,

demonstrating mastery of the streak plating technique, a hands-

on skill primarily taught in in-person lab courses. Moreover, stu-

dents performed equally well on lab safety questions, indicating

that our delivery of lab safety content was effective across plat-

forms. Last, students in the online lab were as able to correctly

identify an unknown pseudomonad as students taking the lab in

FIG 4. Box-and-whisker graph illustrating the experiment 4/5 homework scores for
each semester examined. The “×” in each box represents the average score of the
class, while the horizontal line in the box represents the median score. Outliers are
shown as open dots. Horizontal lines with circles compare IP spring 2019 scores,
while horizontal lines with diamonds compare the IP fall 2019 scores. This assignment
had a maximum value of 30 points. Spring 2019, n=56; fall 2019, n=34; spring 2020,
n=58; fall 2020, n=39; and spring 2021, n=41. *, P≤0.05; **, P≤0.01; ***, P≤0.001; ****,
P≤0.0001.
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person. This suggests that the Unknown Portfolios used in the

online course provided students with a similar experience to col-

lecting and interpreting data in person, allowing them to use their

critical thinking skills to identify their unknown microorganisms.

Intriguingly, students in the RMT fall 2020 lab had the

lowest performance of the labs evaluated. This lab class

cohort had the second lowest exam 1 score average (79%),

the lowest exam 2 score average (70%), and the lowest lab

4/5 homework score average (69%). These scores contrib-

uted to this cohort having the lowest final course score av-

erage of the labs examined (83.7%). Although students in

this cohort had the lowest performance among the cohorts

studied, it is worth noting that only 3 of 39 (7.7%) students

did not pass the class (Fig. 3), demonstrating that most stu-

dents earned scores to successfully achieve a passing grade.

What factors could have contributed to this reduction

in class performance in fall 2020? We think that the stress

associated with the COVID-19 pandemic was exacerbated

by the 2020 California’s wildfire season (40) and the grow-

ing sociopolitical tension associated with the 2020 presiden-

tial election (41), resulting in a cognitive load increase that

impacted academic performance.

The COVID-19 pandemic impacted student performance

and deepened achievement gaps among students in kindergarten

through 12th grade (42, 43) and college students (44) across the

United States, especially in students of color (45–47). Our stu-

dents, who are overwhelmingly first-generation college students

and come from underserved communities, often experience

additional stressors, including housing and food insecurity, lack

of adequate spaces for learning at home, and challenges with

access to technology for remote learning and connectivity to

the Internet (48). Academic uncertainty, brought out by the

challenges in online class delivery, might have led to high levels of

stress, which made it difficult for students to deal with the aca-

demic demands and disruptions caused by the pandemic (49).

Over 70% of our students are first-generation college stu-

dents, and more than 80% come from minoritized communities

(particularly Hispanic, Asian, and Black). Many of our students

are the older children of frontline workers (50), which often

increased their domestic and financial obligations associated

with returning to live at home. The combined effect of these

stressors potentially reduced the cognitive load capacity of our

students, reducing their ability to focus on academic tasks (51).

For example, 6 students of 39 did not submit their unknown

pseudomonad lab report in fall 2020 (Table 4), and other assign-

ments were similarly affected. This was the highest number of

missing assignments in the 14years that we have taught this lab.

Students in the RMT spring 2021 semester performed

better. By this time, the stress related to the California wildfire

season and the presidential election were no longer part of the

equation. Students adapted to remote instruction and developed

coping mechanisms that helped mitigate the stressors. Moreover,

TABLE 4

Numbers of correctly identified unknown pseudomonads based on semester and mode of class delivery

Semester or mode

No.

Percenta

Total

Submitted

UnsubmittedCorrect Incorrect Correct Incorrect

Spring 2019 56 35 21 0 63 38

Fall 2019 34 19 15 0 56 44

Spring 2020 58 32 24 2 57 43

Fall 2020 39 22 11 6 67 33

Spring 2021 41 21 17 3 55 45

In personb 148 86 60 2 59 41

Portfolio 80 43 28 9 61 39
aUnsubmitted assignments were not used to calculate percentages.
bFor in-person evaluation (n= 148), unknown-pseudomonad data from spring 2019 (n= 56), fall 2019 (n= 34), and spring 2020 (n= 58) were
aggregated, while remote data (n= 80) included fall 2020 (n= 39) and spring 2021 (n= 41) data.

FIG 5. Bar graph comparing the mean value scores on two
biosafety questions from exam 1 from the fall 2020 and spring
2021 semesters. Students were asked to identify hazards in a
microbiology lab for question 8 and point out bad lab practices
from an image in question 21. The maximum score in both
questions is 10 points. Fall 2020, n= 40; spring 2021, n= 41.
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we modified our course by incorporating lessons learned from

the fall 2020 semester, improving the delivery of class material.

It is probable that the combination of these adaptive factors

increased the cognitive load capacity of our students, resulting

in increased performance in this semester compared to stu-

dents in the RMT fall 2020 semester. This is a topic that merits

more structured research.

Two recent publications evaluated the effect of the COVID-

19 pandemic on student performance, finding that it increased in

the spring 2020 academic term (52, 53). Our spring 2020 data

align with these findings, as the overall performance for this se-

mester was not different from that of the IP spring 2019 and IP

fall 2019 semesters (Fig. 3 and Table 3). There are, however, dif-

ferences between our work and these studies. The most relevant

difference is study design. Both studies compared performance of

over 25 different courses taught by different faculty, involving

thousands of students, while our study examined performance

for a single, upper-division lab course taught by one faculty, involv-

ing 229 students. Our study also included data from the fall 2020

and spring 2021 semesters, which were completely online, while

these studies examined the spring 2020 term, when the transi-

tion to online teaching occurred. Another difference lies in the

demographic distribution of our students: the cohort studied by

Zuckerman and colleagues (53) included 40% students designated

PEER (persons excluded because of their ethnicity or race) (54).

PEER were calculated as nonwhite and non-Asian students. Using

the same formula, the PEER population in our study is 51.5%. On

the other hand, the student population studied by Supriya and

colleagues was 49% white, 14% Asian, 5% Black, and 25%

Hispanic (52), while our student population was 11% white,

38% Asian, 2% Black, and 43% Hispanic (Table 2). It would be

interesting to evaluate performance in STEM courses at those

institutions for the fall 2020 and spring 2021 semesters.

Moreover, it would be important to evaluate the performance

across STEM courses taken by biology majors at our institution

by the methods used in these studies.

CONCLUSIONS

Lessons learned

The COVID-19 pandemic irreversibly changed the way

we see online teaching, especially for laboratory courses. In

the future, it is imperative that we incorporate successful

elements of online pedagogy used during ERT in our in-person

courses (3, 5, 55–57). The primary lesson learned from adapting

a microbiology laboratory course to the online learning environ-

ment is that we must be flexible in all aspects of our teaching.

Flexibility in the way material is covered is the lesson

we learned from transitioning our course to the online environ-

ment during the COVID-19 pandemic shutdown. This calls for

the integration of simulations in future in-person lab courses,

giving students the opportunity to experience material from

multiple platforms. A blended lab course would also expose stu-

dents to laboratory techniques unavailable in their lab courses,

reducing the accessibility gap and expanding students’ knowl-
edge of state-of-the-art experimental procedures. For exam-

ple, by training with the Labster simulation Next Generation

Sequence, students would learn how sequence technology

works to obtain gene sequence data. Without the simulation,

their understanding of gene sequencing would have remained

in the realm of theory, as our teaching lab does not have

access to next-generation sequencing technology. As technol-

ogy moves forward faster than the budget for teaching labora-

tories, simulations help make knowledge accessible to all stu-

dents, making the learning lab more equitable and better

preparing them for their careers (13). Conversely, students in

online lab classes would benefit from experiencing hands-on

components. The Crafty techniques (58), or the hands-on

activities described here, would improve any online microbiol-

ogy lab course, better preparing students. We were horrified

at the thought of one of our students going to a job or gradu-

ate school interview and stating that they did not get to handle

microbes in their microbiology lab course. Moreover, provid-

ing students the hands-on experience of a lab gives them a

more realistic understanding of the challenges of experimental

microbiology and ensures that our students are prepared for

their future. For example, many students experienced difficul-

ties preparing their bacterial plates, which provided a glimpse

of the efforts lab technicians make to ensure that all lab mate-

rials are ready for a lab session.

Limitations of the experimental materials for at-home
experiments

The microscope and media sent to students were adequate

to perform the experimental procedures at home. However,

these had limitations: for example, the student’s microscope

allows the visualization of microbial samples at a ×1,200 magnifi-

cation, but images suffer from chromatic aberrations that make

it challenging to discern the results of a Gram stain. The solidi-

fied nutrient agar was delicate and could be easily perforated

while practicing the streak plate technique. Since the bacterium

growing kit did not display the exact content of the nutrient

agar, we could not determine how much agar was present in

the medium. Instructors should keep these limitations in mind

when designing their experiments.

Cost

Students who took the laboratory course during the

COVID-19 pandemic received the lab materials free of

charge. The cost of course reagents is estimated to be

$104.04 per student (Table S1). The cost of the Labster sim-

ulations depends on the type of license the institution pur-

chases (https://www.labster.com/pricing/). Assuming that

the university purchased an institutional license, the per-stu-

dent cost for the Labster simulation would range from $4

to $20. For our calculation, we assumed the highest Labster

simulation cost of $20 per student. Based on this assump-

tion, the cost of delivering the course per student would be
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$124.04 ($104.04 for materials and $20 for Labster). Therefore,

the cost for delivering the course to 40 students in fall 2020 was

$4,961.60, while the cost in spring 2021 to 41 students was

$5085.64 (Table S3). Both these semesters had a course fee of

$85, but this fee was not collected during remote offering.

Students might also incur other expenses associated

with purchasing of PPE. This might include the price of lab

coats, safety goggles, and nitrile gloves, as well as the cost of

a lab notebook. This cost is estimated to amount to about

$55 per student (Table S2). Future remote offerings of this

lab may require that the full costs of the supplies and PPE

equipment be passed on to the students.

At-home laboratory safety

Lab safety precautions for at-home labs is of the utmost

importance to ensure the safety of students, housemates,

pets, and family members. As in the in-person laboratory,

students must follow safety precautions and protocols while

performing experiments at home. Modeling good safety

practices can be as simple as instructors wearing full PPE

while recording themselves performing demonstrations

from home and discussing the important aspects of safety

while performing these demonstrations. However, monitor-

ing lab safety at home is challenging. Having students sign a

lab safety agreement (labsafety.org) is an important tool to

ensure that students (and their parents if the students are

minors) have read and understand the lab safety precautions

and agree to follow these rules.

Students could not be directly monitored to ensure

that they were following proper lab safety protocols. In

both semesters taught online, students reported neither

accidents nor any adverse incidents while performing the

lab procedures from home. Future iterations of the remote

lab would incorporate having students take videos of them-

selves while performing the lab procedures. This would

allow us to (i) evaluate the techniques used by students, (ii)

ascertain the use of proper PPE, and (iii) examine the use

and implementation of proper lab safety practices.

Last, students require guidance for the disposal of

chemical and biohazard material. To discard bacterial plates,

students were instructed to flood their plates with a 10%

bleach solution for 10 min. Following treatment, the bleach

solution would be discarded in the drain and the plate could

be safely discarded in the trash.

Gram stain reagents were discarded down the drain,

following the manufacturer’s indications. This poses a chal-

lenge, as different states and municipalities might have differ-

ent disposal requirements. Therefore, having students check

local and state regulations will help determine the appropri-

ate way of disposing of these reagents. Gram stain reagents

can be disposed of down the drain with 20-fold excess

water when the drain is connected to the sanitary sewer sys-

tem (https://www.wardsci.com/store/product/8871107/crystal-

violet).

Increasing students’ jobmarketability

We want to ensure that our students are prepared for

their careers, especially meeting the demands of biotechnol-

ogy, which requires skills not usually associated with higher

education (59). A blended lab course could be an excellent

venue to provide students with these career skills. By incor-

porating lab safety simulations with the EHS lab safety course,

we provided the students with a marketable skill that they can

put in their resumes, increasing their potential to be hired in a

microbiology or any research lab.

In conclusion, we created an online laboratory experience

that proved effective at transmitting both theoretical and practi-

cal knowledge to our students. Elements of this class could be

adapted to other microbiology courses, irrespective of their

level or mode of delivery. In the future, online components of

this course ought to be incorporated into the in-person class,

creating a blended course that will serve all students equally.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.

SUPPLEMENTAL FILE 1, PDF file, 2.3 MB.
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