
the right growth conditions that enable
the success of parasitologists from all
walks of life. This will take hard work
and intentionality, but since our field has
become more engaged in discussions
of diversity and inclusion during this
'racial awakening', it is my sincere hope
that we will make substantive progress
on these issues.

At the conclusion of the MPM panel, I
shared my personal thoughts on what we
can do for the next generation of Black
scientists. While I appreciate the advice
that was given to me – such as 'you’ve
got to work twice as hard for half as
much' – and I have used this to succeed
inmy own path, I have absolutely no desire
to pass this advice on to the next genera-
tion of trainees. Instead, it is my goal for
the members of our field to take on the
responsibility of removing barriers and
improving our environment so that a more
diverse group of individuals can become
the next generation of parasitologists and
ideally have a positive experience while
doing so.

Acknowledgments
I would like to acknowledge the individuals who are

quoted in this piece for allowing me to share their

words and perspectives. I would also like to acknowl-

edge the organizers of the Molecular Parasitology

Meeting 2020 for inviting me to organize andmoderate

the symposium 'Black Lives Matter in Parasitology':

Boris Striepen,Manoj Duraisingh, and Nina Papavasiliou,

as well as all panelists who participated in the

panel discussion: Derrick Robinson, Faith Osier, Kojo

Mensa-Wilmot, and De’Broski Herbert. I would also like

to thank the organizers of Black in Microbiology Week

2020: Ariangela J. Zozik and Kishana Taylor, the keynote

speaker Beronda Montgomery, as well as the other

panelists of the 'Black in Parasitology' panel: Pascale

Guiton and Kaylee Arnold. Additionally, I would like to

acknowledge the organizers of ASTMH 2020, the

Co-chairs of the 'Race and Social Justice' session:

Julie Jacobson and Jonathan Stiles, the keynote

speaker Linnie Golightly, and panelists Thomas A.

LaVeist and Mishal Khan. Further, I acknowledge

the American Committee on Molecular, Cellular and

Immunoparasitology (ACMCIP), subgroup of ASTMH,

which currently has four Black women in Council

positions: Mahalia Desruisseaux, Keke Fairfax, L la

Fagbami, and Carolyne Kifude. Finally, I acknowledge

funding support from the National Heart, Lung, and

Blood Institute (1K01HL143112).

Declaration of Interests

The author declares no competing interests.

Resources
ihttps://genetics-gsa.org/parasitology/
iihttps://blackinmicrobiology.org/
iiihttps://www.astmh.org/annual-meeting/2020e-reg
ivwww.apmresearchlab.org/covid/deaths-by-race
vwww.amsocparasit.org/post/kelly-weinersmith-
gmail-com-1
viwww.lib.ncsu.edu/news/special-collections/
celebrating-justina-williams
viihttps://nexus.od.nih.gov/all/2020/08/12/institute-
and-center-award-rates-and-funding-disparities/

1Department of Biology, Wake Forest University,
Winston-Salem, NC, USA

*Correspondence:
cordyrj@wfu.edu (R.J. Cordy).
@Twitter: @rejoicePhD

https://doi.org/10.1016/j.pt.2021.02.006

© 2021 Elsevier Ltd. All rights reserved.

References
1. Skloot, R. (2011) The Immortal Life of Henrietta Lacks

(1st pbk edn), Broadway Paperbacks
2. Farmer, P., ed (2013) Reimagining Global Health: An

Introduction, University of California Press
3. Rubin-Miller, L. et al. (2020) COVID-19 racial disparities in

testing, infection, hospitalization, and death: analysis of
Epic data. KFF Published online September 16, 2020.
https://www.kff.org/coronavirus-covid-19/issue-brief/
covid-19-racial-disparities-testing-infection-hospitalization-
death-analysis-epic-patient-data/

4. Wilson, P. et al. (2008) Left behind: Black America:
a Neglected Priority in the Global AIDS Epidemic. Black
AIDS Institute Published online August 2008. https://
www.hivlawandpolicy.org/resources/left-behind-black-
america-neglected-priority-global-aids-epidemic-black-
aids-institute

5. McKenna, M.L. et al. (2017) Human intestinal parasite
burden and poor sanitation in rural Alabama. Am.
J. Trop. Med. Hyg. 97, 1623–1628

6. Patel, E.U. et al. (2018) Prevalence and correlates of
Trichomonas vaginalis infection among men and women
in the United States. Clin. Infect. Dis. 67, 211–217

7. Andrews, J.M. et al. (1950) Malaria eradication in the
United States. Am. J. Pub. Health Nations Health 40,
1405–1411

8. McGuire, R.A. and Coelho, P.R.P. (2011) Parasites,
Pathogens, and Progress: Diseases and Economic
Development, MIT Press

9. Ginther, D.K. et al. (2011) Race, ethnicity, and NIH
research awards. Science 333, 1015–1019

10. Hoppe, T.A. et al. (2019) Topic choice contributes to
the lower rate of NIH awards to African-American/Black
scientists. Sci. Adv. 5, eaaw7238

11. Brody, G.H. et al. (2014) Perceived discrimination
among African American adolescents and allostatic
load: a longitudinal analysis with buffering effects.
Child Develop. 85, 989–1002

12. Thompson, W.E. et al. (2014) Biomedical research’s
unpaid debt: NIH’s initiative to support and implement
fairer competition for minority students is a welcome step
to redress the exploitation of African Americans by science.
EMBO Rep. 15, 333–337

13. Jagjivan, A. (2020) Discrimination in the digits: a conversation

with Ruha Benjamin, author of 'Race after Technology'.

Business Today Published online May 15, 2020.

https://journal.businesstoday.org/bt-online/2020/

yo4zlhp3jnrmm0qbc9ln6pz8i6u029
14. Apprey, M., Poe, S.M., eds (2017) The Key to the Door:

Experiences of Early African American students at the
University of Virginia, University of Virginia Press

15. Montgomery, B.L. (2020) Lessons from microbes: what
can we learn about equity from unculturable bacteria?
mSphere 5, e01046-20

Spotlight

Raising the Bar(-seq)
in Leishmania
Genetic Screens
Tiago R. Ferreira ,1,*
Rafael M. Couñago,2,3 and
Nilmar S. Moretti4

Our understanding of regulatory
factors in Leishmania differentia-
tion has long been restricted by
the available genetic tools, but the
availability of CRISPR/Cas9 has
changed the landscape forever.
Recently, Baker and Catta-Preta et
al. applied Cas9 editing and
kinome-wide bar-seq to dissect
the function of 204 kinases in the
Leishmania mexicana life cycle.

Three decades ago, the first null mutant of
the parasitic protozoan Leishmania was
genetically engineered [1]. Since then,
less than 5% of its annotated protein-
coding genes have been assessed for
essentiality. For many years, long linear ho-
mology repair constructs (carrying a 0.5–1-
kb-long homology region) remained the
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Figure 1. Leishmania mexicana Kinome-wide Barcode-Sequencing (bar-seq) Reveals Protein
Kinases (PKs) Involved in Life Cycle Progression. Leishmania spp. parasite development cycles
between promastigote form in the insect vector (from procyclics to metacyclics) and amastigote in the
mammalian host. Using CRISPR/Cas9-induced gene replacement coupled with mutant tracking by high-
throughput bar-seq, Baker and Catta-Preta et al. [3] examined the function of 204 PKs at some of these key
L. mexicana life cycle stages. Concerning the parasite vector stages, they found 15 PKs involved in the
colonization of the phlebotomine sand fly gut (left panel). On the other hand, null mutants were evaluated at
the amastigote stage (mammalian stage) in three different approaches: axenic culture, in vitro bone-marrow-
derived macrophage (BM MØ) infection, and murine footpad infection (right panel). Here, they described 29
PK mutants with a fitness decrease in at least two of the three amastigote experimental arms. Examples of
conserved eukaryotic PKs found to be important in the promastigote or the amastigote stages are shown in
the left and right panel, respectively.

only feasible gene replacement strategy in
these parasites and often required multiple
cloning steps. However, after the advent
of an efficient and reproducible CRISPR/
Cas9 system in trypanosomatids [2], Leish-
mania gene knockout was made possible
using short repair constructs (carrying a
30-nt-long homology region), expanding
the applicability for genome-scale studies.

Recently, Baker and Catta-Preta et al.
[3] have shown that a high-throughput
application of Cas9 editing, coupled
with barcode-sequencing (bar-seq), can
achieve high tractability of Leishmania
mexicana null mutants while investigating
the function of 204 different protein
kinases (PKs). In a monumental effort,
kinome-wide functional analyses were eval-
uated at key developmental stages using
three complementary approaches: gene es-
sentiality at the promastigote stage by gene
deletion, protein localization by endogenous

gene tagging, and null mutant phenotyping
by bar-seq.

'bar-seq' is a next-generation sequencing
(NGS)-based quantitativemethod for track-
ing cells in complex pools under different
conditions, as long as the DNA can be
extracted. Cell genomes are tagged with
a unique short-length DNA barcode,
which is amplifiable using a universal
oligonucleotide pair. Pooled cells are
submitted to a condition of interest (e.g.,
differentiation), followed by DNA extrac-
tion, amplicon sequencing, and barcode
counting analysis, resulting in relative
barcode proportions. When coupled to
phenotype screening, bar-seq is a powerful
tool for obtaining a quantitative genome-
scale fitness profile of mutant parasites [4].

Eukaryotic PKs are key post-translational
regulators of diverse cellular processes
such as signal transduction, cell cycle

progression and development. The rele-
vance of PKs in Leishmania has been
highlighted by studies in recent decades [5]
which suggest that phosphorylation plays
an important role in the progression of the
parasite's life cycle. Protein kinases are
highly druggable, and the low sequence
identity between parasite and human
orthologs opens the possibility for designing
parasite-specific PK inhibitors [5]. Indeed, a
cyclin-dependent kinase 12 (CRK12) inhibi-
tor is currently undergoing clinical studies
as an anti-Leishmania drug [6]. Currently,
the first-line treatment for leishmaniasis gen-
erally consists of pentavalent antimonials
and, alternatively, liposomal amphotericin B
or miltefosine. However, drug regimens are
complex, often leading to the emergence
of resistance. Treatments are painful, and
there is concern regarding toxicity and ad-
verse effects. Therefore, genetic studies
are urgently needed to provide novel drug
targets, such as protein kinases, formore ef-
ficacious antileishmanial therapies. In partic-
ular, the research literature is largely deficient
on drug-target validation in the intracellular
amastigote form (the stage that causes
human disease) due to limitations in the
availability of advanced in vitro screen sys-
tems and restrictions in the use of
laboratory animals.

The extensive use of animal experimentation
has long been a challenge in infectious dis-
ease research and an ethical dilemma. The
high tractability of the bar-seq approach al-
lows for unbiased interrogation of hundreds
of different mutants in a single experiment,
without the requirement for a large number
of infected animals while still achieving ap-
propriate statistical power. Using a total of
12 mice in the infection screen, Baker and
Catta-Preta et al. [3] evaluated 159 PKs at
two different time-points and identified
more than 40 different PKs as important
for successful infection of mouse skin.
The authors reported loss-of-fitness (LOF)
for 29 different PK mutants in at least
two of the three assessed amastigote
experimental arms (axenic culture,
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bone-marrow-derived macrophage in-
fection, and mouse footpad infection), re-
vealing that ~14% of the L. mexicana
kinome, ~25% of the promastigote
dispensable PKs, could potentially be in-
volved in host–parasite interaction (Figure 1).

Previous reports have applied bar-seq
to track Leishmania mutants [7,8], but
Baker and Catta-Preta et al. [3] present the
first kinome-wide screen to concurrently
examine hundreds of different individually
generated Leishmania mutants. Despite
the breakthrough as a Leishmania-targeted
gene replacement screen, there are impor-
tant practical restraints to be considered. In
pooled population experiments, competition
between mutants and functional compen-
sation may arise; this could affect the ob-
served fitness of parasites. Fitness
quantification, represented as barcode rep-
resentation in pooled samples, raises the
concern that some mutants could be
outcompeted by 'more fit', faster-growing
mutants or, conversely, 'piggy-back' ride
on immunomodulatory responses elicited
by other mutants. Therefore, different
pooling combinations to validate results
should be encouraged when individual mu-
tant phenotyping is not feasible.

Such a rationale was used to phenotype
the parasite’s ability to colonize the sand fly
vector. Baker and Catta-Preta et al. [3]
assigned mutants to different subpools ac-
cording to their growth profile, with slow-,
average-, or fast-growing phenotypes sepa-
rately assessed for their capacity to survive
and multiply inside the sand fly's gut at
three different time-points. Using 200
sand flies for each subpool, the authors an-
alyzed 170 different null mutants and iden-
tified 15 PKs with loss of fitness (Figure 1).

Sand fly genetic screens have the potential
to contribute valuable information on a
gene’s possible role in parasite transmis-
sion to mammalian hosts. Vector screens,
however, bring one specific aspect of
Leishmania biology into the mix. It is widely

accepted that Leishmania undergoes
genetic exchange inside the sand fly gut.
In the rare event of genomic hybridization
providing a gain-of-fitness to a null mutant,
barcode representation could lead to
skewed results. In addition, L. tropica
promastigotes have been shown to un-
dergo genetic exchange in standard labo-
ratory cultures, although at low rates [9].
In vitro mating of L. mexicana complex
parasites has also been described [10].
More importantly for Leishmania genetic
screens, it remains to be assessed if
inbreeding or selfing between parasites
of the same strain can also occur
in vitro. Another long-known feature of
Leishmania biology is their genetic plas-
ticity, as evidenced by the plethora of
different gene-amplification events already
described in response to environmental
pressure (e.g., drug resistance). Amplifica-
tion of barcode-carrying chromosomes
can potentially affect end-point barcode
representation. Screen designs that rely on
more than one barcode per cell at different
loci, and on multiple biological replicates,
could be helpful to circumvent both genetic
exchange and amplification possibilities.

Regardless of challenges posed by the
complex Leishmania genetics, Baker and
Catta-Preta et al. [3] have demonstrated an
exciting unbiased application for bar-seq
and uncovered useful insights on the
relevance of the kinome across the
L. mexicana life cycle, raising the standards
for high-throughput genetic screens in
trypanosomatid research. At the same
time, the approach paves the way for
even more complex investigations
focused on single-cell genomics. NGS
genetic screens promise to rapidly broaden
the knowledge on gene essentiality and
function while helping to reduce the number
of animals used in molecular parasitology
research.
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