
development and encourage private sec-
tor investment. International experts fore-
see that at least 15advancedbiorefineries
will be launched by 2024 [15].

Concluding Remarks
The lignocellulosic biorefinery represents
an important component of the future
European bioeconomy. While this
nascent industry faces significant chal-
lenges, such as feedstock logistics, limi-
tations of conventional processing
technologies, and uncertain market eco-
nomics, such challenges are being coun-
tered by ambitious EU policies that are
aimed at supporting this industry to
achieve climate and bioenergy goals.
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Science & Society
CRISPR in Sub-
Saharan Africa:
Applications and
Education
Christian E. Ogaugwu,1,2,4,*
Stanley O. Agbo,2 and
Modinat A. Adekoya3

Clustered regularly interspaced
shortpalindromicrepeats (CRISPR)
technology has enabled genetic
engineering feats previously con-
sidered impracticable, offering
great hopes for solutions to prob-
lems facing society. We consider it
timely to highlight howCRISPR can
benefit public health,medicine, and
agriculture in sub-Saharan Africa
(SSA) and offer recommendations
for successful implementation.

Human society has always faced two
basic challenges: disease and hunger.
Efforts to prevent/treat disease and
achieve food security continue. Despite
progress made, food insecurity and many
diseases and pests persist; these prob-
lems have proved difficult to solve using
available technologies. However, hopes
are high for solutions to many of these
challenges with the advent of CRISPR
technology.

CRISPR technology is based on CRISPR-
associated (Cas) proteins from bacterial
immune systems. First developed using
Cas9 endonuclease from Streptococcus
pyogenes (spCas9), this system repur-
posed for gene editing utilizes a small
guide-RNA (gRNA) with a changeable
region of 20 nucleotide homology to a
DNA target site to direct spCas9 to cleave
the target DNA [1]. Other Cas proteins
have subsequently been adapted for
gene editing [2]. The technology is inex-
pensive and can be used for geneticmod-
ification in numerous organisms. Here, we
explore potential applications of CRISPR
in SSA and recommend steps necessary
for successful implementation.

How CRISPR Could Benefit Sub-
Saharan Africa
Because of the prevalence of tropical dis-
eases and pests, the public health, medi-
cal, and agricultural sectors in SSA would
likely benefit greatly from CRISPR.
Amongst tropical diseases, malaria ranks
first for prevalence and is responsible for
about half a million deaths yearlyi. Mos-
quitoes transmit malaria and other dis-
eases, but control efforts have
continued for decades with little success,
owing to the complex biology of mosqui-
toes and limitations of existing strategies.
Recently, CRISPR/Cas9-based gene
drives (GDs) were developed for malaria
vectors, Anopheles stephensi and An.
gambiae [3,4]. With robust non-Mende-
lian inheritance, these strains could
spread antimalarial genes or suppress
generations of wild populations. Although
proofs-of-concept yet to undergo larger-
scale tests in containment or in the field,
their laboratory successes indicate the
strong potential of CRISPR-based GDs
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Box 1. Other Potential Uses of CRISPR in SSA

CRISPR could facilitate vaccine production against tropical diseases like malaria, presently constrained by
inadequate donor supportv and complexity of parasites. Irradiated sporozoites confer immunity against
malaria, but vaccines using them face mass production challenges as the amount ejected by mosquitoes is
low. Bites from mosquitoes harboring irradiated sporozoites are another option, albeit unpleasant and
objectionable. These circumstances necessitate adoption of other strategies for malaria vaccines. Mosquito
innate immune systems fight Plasmodium infections with several genes playing roles, and their silencing via
RNAi in anophelines modulate immune pathways for or against infection [13]. However, RNA is transient,
and RNAi sometimes fails to fully suppress gene expression. CRISPR offers permanent heritable gene
silencing and is ideally better suited than RNAi to engineer mosquitoes with copious sporozoite production
for vaccines. Crops and animals in SSA also face many pests and pathogens. Breeding programs attempt
to tackle these but have so far achieved little. CRISPR could help breeders in SSA to produce improved farm
animals or crops with pest/disease resistance or other desirable traits. Exploitation of CRISPR to modify
different plants has been demonstrated and the recent genome editing in the tropical staple, cassava [14],
sets the stage for greater attempts at realizing food security in SSA.
for the elimination of malaria [5]. However,
African malaria is complex and involves
An. gambiae, An. colluzzi, An. funestus,
and other species. A holistic malaria con-
trol approach would require GDs for these
other species too, perhaps in combina-
tion with compatible existing approaches.
GDs also might control other disease vec-
tors like Aedes aegypti, which transmits
dengue, chikungunya, and Zika viruses,
for which good vaccines or cures are
currently lacking. Likewise, population-
suppressing CRISPR-based GDs would
be suitable for mitigating destructive inva-
sive pests in the region that urgently need
but lack efficacious, cost-effective, and
sustainable area-wide control, especially
the fall armywormSpodoptera frugiperda,
which wreaks havoc on major staplesii,
and Bactrocera dorsalis (synonym inva-
dens), which destroys fruitsiii.

Besides GDs and other potential applica-
tions (Box 1), CRISPR is particularly suit-
able for curing prevalent genetic diseases
in Africa, such as sickle-cell anemia (SCA)
(Box 2), which had no cure until recently
when Ribeil and colleagues demonstrated
resolution of symptoms in a patient via
lentiviral gene therapy [6]. Although a
breakthrough, this method is expensive,
lengthy, and solely postnatal, amidst
concerns about post-treatment infections.
Proofs-of-principle in mice and preimplan-
tation human embryos revealed the
possibilities to correct b-thalassemia
(related to SCA) and other pathogenic
mutations using CRISPR-Cas9 alone or
combined with other methods [7,8], sup-
porting the view that CRISPR could
become a method of choice for efficient
and cost-effective pre- or postnatal gene
therapy for SCA in SSA.

Key Factors and
Recommendations for Success of
CRISPR in Sub-Saharan Africa
Factors crucial for successful CRISPR
implementation in SSA deserve consider-
ation. With the imminent application of
GDs against malaria mosquitoes in this
region, recommendations are offered
here to guide such campaigns for future
CRISPR applications.

Efficacy and Benefits with Less Harm
Success for CRISPR in SSA will depend
on two major factors: demonstrating effi-
cacy to achieve desired outcomes and
providing evidence that benefits outweigh
any potential risks. These should be ade-
quately addressed for any potential
CRISPR application, especially those
designed for field use.

For GD mosquitoes, field testing on
islands off the continental coast of SSA
will be a good first step to establish how it
might work in the field and investigate any
potential risks, before considering the
complex continental mainland. Climatic,
ecological, and other conditions on the
islands might resemble those in the main-
land where malaria control programs
have their main focus. Being geographi-
cally isolated, they fit well for contained/
open field trial programs. In addition,
islands tend to have low population diver-
sities, whereas the continental mainland
has recently been shown to have a high
genetic diversity of the African malaria
mosquito, An. gambiae [9]. These factors
suggest that islands would be the best
choice for the first field test. Nevertheless,
contained cage trials could be performed
in appropriate research facilities
T

elsewhere on the mainland if unforeseen
circumstances complicate finding a good
island for a field test. The high genetic
diversity among An. gambiae [9] also calls
for cautious genetic analysis of popula-
tions/subpopulations prior to GD devel-
opment/field tests to ensure that their
efficacy and success are not jeopardized
by polymorphisms. Postanalysis, geno-
mic target sequences for gRNAs can be
designed to match those in the chosen
population/subpopulation. Genomic sites
with high variability within the same pop-
ulation/subpopulation should be avoided,
while highly conserved sites can be
selected. Targeting multiple conserved
genomic sites could also minimize chan-
ces that organisms might develop resis-
tance to GDs. Furthermore, present GD
mosquitoes were generated using pro-
genitors colonized in laboratories for sev-
eral years and may not be well suited to
the environment of SSA. To circumvent
this, GD mosquitoes should be devel-
oped using recently colonized mosqui-
toes caught from prospective release
locations. Although best for the future,
developing GDs in sub-Saharan African
laboratories [5] using recently colonized
mosquitoes from prospective locations
will likely have to deal with the scientific
capabilities within the region. Alterna-
tively, GD mosquitoes developed in labo-
ratories elsewhere could be used [5] and
outcrossed to wild-caught ones from
locations in SSA. This latter option should
rends in Biotechnology, March 2019, Vol. 37, No. 3 235



Box 2. Sickle-Cell Anemia

SCA is a genetically inherited disease that is widespread throughout SSA, which has about 80% of known
cases worldwidevi. Characterized by anemia, intense pain, chest syndromes, and hemolytic crisis, resulting
from abnormal sickle-shaped red blood cells, the disease is caused by recessive mutant alleles of the
oxygen carrier, hemoglobin S (HbS) inherited from parents by offspring. The normal allele, hemoglobin A
(HbA), is dominant. Inheritance of a HbA allele together with a HbS allele leads to a carrier individual who
does not suffer from the disease. The heterozygous condition confers some protection against Plasmodium
parasites that cause malaria; a factor that may have acted as a selection pressure for the HbS allele.
Offspring who inherit HbS alleles from both parents become sufferers and have symptoms of the disease.
Genetically, HbS has a single nucleotide mutation (A to T) in the nucleotide sequence of b-globin gene,
which converts glutamic acid at position 7 in the normal b-globin allele to valine. It is this defect that makes
red blood cells of HbS aggregate and adopt sickle shapes instead of round shapes under low oxygen
conditions [15]. Correction of this mutation would abolish the disease in sufferers.
be easier but would confront international
restrictions.

In treating human diseases, a centralized
hospital-centric approach rather than a
decentralized clinic-based approach
may be best to ensure adherence to reg-
ulations and better assessment of treat-
ment outcomes. CRISPR usage against
SCA will likely fare better in SSA than
other potential applications, given that
consent and implementation is individual
dependent. Government or public
approval may vary unpredictably, but if
developed with proven efficacy this
method could gain popularity among suf-
ferers. The distress caused by the disease
is enormous and most sufferers would try
novel approaches to end their ordeal if the
expected benefits outweigh the perceived
risks.

Every technology has some risks, and
CRISPR is no exception. Off-target
effects occur in modified organisms and
need careful evaluation. Bioinformatics
tools can be used to predict or
minimize/avoid them. However, horizon-
tal gene transfer and potential crossover
harm to humans and the environment are
major concerns. The odds do not favor
cross-activity of CRISPR to engender
unintended harm: gRNAs matching
DNA target sites adjacent to recognizable
protospacer adjacent motifs are required
besides the presence of functional
nucleases, RNAs degrade easily and
degraded gRNAs cannot be utilized,
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and targeted sequences might not match
in different species/organisms. Nonethe-
less, CRISPR is still a new technology not
yet thoroughly understood, so objective
scientific studies assessing risks/harms
and establishing acceptable thresholds
are needed. For such studies, expert
workshop reports [10] would be invalu-
able guides. Knowledge of persistence
and the activity/functionality window of
CRISPR in organisms and the environ-
ment would also benefit risk assessment.
Incorporation of recall approaches [11] or
use of controllable CRISPR nucleases in
GDs and other applications would ease
their removal/stoppage if necessary.

Education with Transparency
Transparency and education of local peo-
ple are other factors that will affect suc-
cessful implementation of CRISPR in
SSA. Due to societal vulnerability to
rumors and conspiracy theories if knowl-
edge of new programs or technologies is
lackingiv, it is important to create ade-
quate awareness and to educate local
communities. Education should enable
informed consent or refusal and could
also propel local people to work towards
the success of a CRISPR program in their
communities rather than against it. Often,
unpredictable national or local politics
arise in different sectors and could fore-
stall CRISPR implementation. Thus, con-
sultations with relevant stakeholders/
policymakers following proper channels
will be paramount. This should advance
implementation since stakeholders would
ideally have knowledge of other ongoing
programs in their constituencies and
whether such programs could aid or inter-
fere with an intended CRISPR approach.
For example, the release of GD mosqui-
toes to spread malaria-resistant genes [3]
may not be compatible with ongoing
insecticide spray programs, as the sprays
would kill released GD and most wild
mosquitoes, while insecticides might aid
population suppression with GD mosqui-
toes designed for eradicating populations
[4]. To ease outreach, organization, and
implementation, national or local commit-
tees comprising experts, stakeholders,
and community members should be con-
stituted. These would further awareness/
education since community members in
committees would serve to communicate
with their communities in local languages.
Further community engagement activities
can be adapted from successful pro-
grams like the transgenic mosquito field
trial in Brazil [12]. Involvement of local
scientists in development of CRISPR-
based strategies for their societies would
positively impact the transparency of the
program, give communities a sense of
belonging, and boost their trust in the
programs.

Concluding Remarks
CRISPR has tremendous potential and
can be deployed against a wide array of
problems. Its implementation in SSA will
doubtless encounter challenges, some of
which we have highlighted and recom-
mended solutions. Other hurdles for
CRISPR include international/national
regulations and ethical guidelines. Care
should be taken to ensure that the first
CRISPR application in SSA succeeds.
Being foremost amongst other potential
CRISPR applications, success for GD
mosquitoes in curbing malaria, even on
small islands, would likely be the prelude
to the eradication of malaria on the conti-
nent. Moreover, this would open the path
for implementation of other potential
CRISPR applications and lead to much



reduced prevalence of disease and pests
in the region.
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Forum
Precipitation as an
Enabling Technology
for the Intensification of
Biopharmaceutical
Manufacture
Michael Martinez,1 Mari Spitali,2

Edith L. Norrant,3 and
Daniel G. Bracewell1,*

Advances in precipitation have
demonstrated the capability of
purifying therapeutic proteins such
as antibodies from biological sour-
ces in a scalable and cost-effec-
tive manner. We discuss the latest
developments in the unit operation
for downstream processing appli-
cations and provide a perspective
on exploring precipitation for bio-
process intensification.
Principles of Precipitation and Its
Role in Bioprocessing
Precipitation has played a vital role in the
industrial purification of important
T

therapeutics,most notably bloodproducts
from plasma fractionation [1]. Whilst pre-
cipitation is widely used for the purification
of low-value products, the method has
gained recent interest for the downstream
processing of high-value biopharmaceuti-
cal products due to higher titres challeng-
ing the efficiency of traditional
chromatographic methods. Protein pre-
cipitation involves convertingproteins from
the soluble state to the insoluble state via
destabilisation inanaqueoussolutionupon
changes in the solution conditions. Submi-
cron-sized particles are formed during the
nucleation phase and primary growth
occurs under Brownian motion. Further
growth is governed via particle–particle
collisions until a stable size is reached,
which depends on the shear field, mixing,
and the individual proteins.

In general, precipitation methods target
the protein of interest, which is recovered
by centrifugation or filtration and subse-
quently resolubilised. Whilst taking this
approach, precipitation can be irrevers-
ible, which prevents dissolution of the
precipitate for further processing, but it
may damage the native structure and
activity of the protein, which are critical
to its therapeutic activity. By contrast,
precipitation can also be applied to
remove impurities in the precipitate whilst
leaving the target molecule in solution in
the native state [2]. Precipitation can be
induced by a wide variety of agents
including neutral salts, organic solvents,
nonionic polymers, polyelectrolytes,
acids, and affinity ligands

Because of the complexity of protein pre-
cipitation phenomena induced, themech-
anisms responsible are not well
understood; in addition, they are strongly
influenced by factors such as tempera-
ture, pH, ionic strength, protein concen-
tration, and protein surface
characteristics (i.e., distribution of polar
and non-polar amino acids) as well as
precipitating agent. Therefore, despite
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