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Background: Culture media are fundamental in clinical microbiology. In laboratories in low- and middle-
income countries (LMICs), they are mostly prepared in-house, which is challenging.
Objectives: This narrative review describes challenges related to culture media in LMICs, compiles best
practices for in-house media preparation, gives recommendations to improve access to quality-assured
culture media products in LMICs and formulates outstanding questions for further research.
Sources: Scientific literature was searched using PubMed and predefined MeSH terms. In addition, grey
literature was screened, including manufacturer's websites and manuals as well as microbiology
textbooks.
Content: Bacteriology laboratories in LMICs often face challenges at multiple levels: lack of clean water
and uninterrupted power supply, high environmental temperatures and humidity, dust, inexperienced
and poorly trained staff, and a variable supply of consumables (often of poor quality). To deal with this at
a base level, one should be very careful in selecting culture media. It is recommended to look for products
supported by the national reference laboratory that are being distributed by an in-country supplier.
Correct storage is key, as is appropriate preparation and waste management. Centralized media acqui-
sition has been advocated for LMICs, a role that can be taken up by the national reference laboratories,
next to guidance and support of the local laboratories. In addition, there is an important role in tro-
picalization and customization of culture media formulations for private in vitro diagnostic manufac-
turers, who are often still unfamiliar with the LMIC market and the plethora of bacteriology products.
Implication: The present narrative review will assist clinical microbiology laboratories in LMICs to
establish best practices for handling culture media by defining quality, regulatory and research paths.
Jeanne Orekan, Clin Microbiol Infect 2021;27:1400
© 2021 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and

Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Low- and middle-income countries (LMICs) are seriously hit by
the worldwide antimicrobial resistance crisis [1,2]. Clinical bacte-
riology contributes to patient care and antimicrobial resistance
surveillance and links to antibiotic stewardship and infection pre-
vention and control, thereby tackling three out of the five domains
of Clinical Microbiology and Infectious Diseases. This is an open access article under
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of the WHO action plan to contain antimicrobial resistance [3].
Pending the arrival of new-generation diagnostics, culture-based
techniques remain the standard for clinical bacteriology in LMICs
and should be included in the services of LMIC first-level referral
hospitals according to the WHO Model List of Essential In Vitro
Diagnostics (WHO EDL), launched in 2018 [4,5].

Culture media are fundamental in clinical bacteriology. They are
complex products based on a buffered solution of biological nutri-
ents (animal-, plant- or yeast-based). They comprise peptones and
extracts (N source) as well as (poly)saccharides (C source), mineral
salts, growth factors and vitamins. To obtain solid media, a gelling
agent is added, mostly bacteriological agar [6]. Given the biological
components, variations in media composition may occur [7].

For many decades, laboratories in high-income countries have
been procuring pre-poured ready-to-use culture media from
specialized manufacturers, a practice that is integrated in the
laboratory quality management system [8]. In contrast, LMIC lab-
oratories mostly buy dehydrated culture media and prepare them
in-house [3]. This is not without its challenges: the organizers of
the 2011e2016 WHO external quality assessment of African Public
Health Laboratories noted in-house preparation of culture media
as a major problem [9]. Worldwide, the dehydrated culture media
segment represents the biggest market share (44%) of the booming
culture media market (next to prepared media (31%) and chro-
mogenic culture media (25%)). A further growth is expected in the
coming years (8.1% compound annual growth rate 2020e2027;
with highest growth in the Asia Pacific region) [10].

Scope

This narrative review describes challenges related to cul-
ture media in LMICs, compiles best practices for in-house media
preparation, gives recommendations to improve access to quality-
assured culture media products in LMICs and formulates
outstanding questions for future research.

Search strategy and source documents used

PubMed was searched using the MeSH terms ‘microbiological
techniques’ AND ‘bacteria/growth and development’ AND ‘culture
media’. Grey literature was also screened, including manufacturer's
websites and manuals [7,11e13], as well as microbiology textbooks.

Challenges related to culture media in low- and middle-
income countries

The complexity of culture media and their preparation pre-
sents a challenge for quality [14]. Adding to the complexity are the
plethora of culture media used, the requirements for product sta-
bility anddin view of long shipment delaysdthe need for extended
shelf life [3,4]. As an example, numerous variants of MacConkey
agar exist with different levels of selectivity complicating selection
(see Supplementary material, Document S1). Moreover, similar
product names may convey substantial differences in composition,
which may lead to confusion (see Supplementary material, Fig. S1).
Furthermore, information on the product labels is often printed in
small font sizes hampering readability. Instructions for prepara-
tions may be difficult to understand, particularly by non-native
English- or French-speaking staff.

Challenges at the laboratory level: infrastructure, environment, staff

Laboratories in LMIC referral hospitals are basically equipped,
staffed by laboratory technicians with little expertise in microbi-
ology and have a poorly implemented quality management system
[3,15]. Clean water and uninterrupted power supply are not
assured. High environmental temperature, humidity and dust
challenge the storage of dehydrated media and poured plates [3,4].
Using human blood as a substitute for sheep or horse blood is
commonplace [16,17]. Laboratory orders are frequently processed
by the hospital procurement service, which prioritizes low price
over quality and consistency. Media preparation is frequently car-
ried out in the ‘laboratory kitchen’, close to autoclaves and sinks
(high temperature, high humidity), by in-house-trained and poorly
supervised auxiliary staff (authors' personal observations).

Challenges at the national level: market factors, regulation

Diagnostic manufacturers concentrate on high-income markets.
Despite the predicted increase of the in vitro diagnostic (IVD)
market and more specifically the culture media market [10,18],
manufacturers are reluctant to engage in LMICs, and local pro-
duction of IVDs is rare [1,4]. Most manufacturers of culture media
have a low to moderate presence in Africa and Latin America, but
are better represented in the Asia Pacific region [10]. Brazil, India
and China, as well as other emerging market economies, could fill
this gap. In the absence of effective regulation, product quality is
variable. Country demands are inconsistent and price setting is
non-transparent [18e20]. Unlike malaria, human immunodefi-
ciency virus (HIV) and tuberculosis, clinical bacteriology is not
supported by national control programmes. There are no supra-
national alliances (e.g. Roll Back Malaria) or international donors
with bulk procurement expertise [18]. In terms of international
regulations for IVDs, most culturemedia are considered as ‘low risk’
(Class A) IVDs with consequent minimal regulation and higher
variations in product quality [3,18,21,22].

Best practices for media procurement and preparation in
resource-constrained settings

Fig. 1 depicts the different steps of media preparation starting
from dehydrated media. Table 1 lists the best practices for culture
media preparation. Supplementary Figures S2eS5 depict examples
of best practices and common errors. Table 2 lists the quality
control requirements. Table 3 gives an overview of the most com-
mon errors and their possible causes (trouble-shooting guide).
Supplementary Table S1 lists basic equipment and materials
needed for culture media preparation in LMIC.

Choice of media, selection of brand and formulation

When selecting culture media, define a small panel of well-
described media that is supported by the national reference labo-
ratory and look for products from reputable manufacturers [23]. In
case of changing to another brand, carefully check the candidate
product's name and ingredients, as compositions may differ. Look
for humidity-proof packaging (screw cap, peel-off seal) [11,23].
Verify the Safety Data Sheet, instructions for use and the shelf life.

The clinical microbiologist can give guidance on the selection of
appropriate culture media taking into account the prioritization of
clinical specimens. At a minimum, next to basic nutrient media,
selective media for Gram-positive and Gram-negative bacteria
should be available. Stool cultures are generally not recommended
for clinical care in first level referral laboratories, butddepending
on the settingdThiosulphate Citrate Bile salts Sucrose agar can be
kept in stock in view of epidemic preparedness. Note that different
types of primary culture media are available with similar applica-
tions (e.g. MacConkey versus Eosin Methylene Blue agar) and their
use can even be culturally dependent (e.g. French-speaking versus
English-speaking countries).



Fig. 1. Preparation of a non-supplemented dehydrated agar medium. Figure inspired by Barry and Fay [14]. Note that the media preparation can only be interrupted at the following
steps: (a) for non-selective agar media without supplements, the flask can be stored as solidified agar after autoclaving and re-melted later; (b) the dispensed agar plates can be left
closed on the bench to dry overnight (provided there are no insects in the laboratory) and packed and stored the day after.
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Procurement, reception, storage and stock management

Select an in-country supplier, providing after-sale support and
advice, as well as a back-up supplier; do not rely on non-
professional vendors offering occasional sales. Check and record,
upon reception, the ordering processing time, correctness of the
order delivery, product name and lot number, quantity received,
package integrity, expiry date and remaining shelf life [24].

Store dehydrated culture media in a cool, dry place, protected
from light and dust [24]. At all times, check the manufacturer's
instructions because in rare cases (e.g. Urea Broth powder) storage
at 2e8�C is recommended. Monitor the storage area's temperature
and humidity. Organize the stock according to a first-in, first-out
system, rank media in a logical order and separate opened from
closed containers (two-shelf system).

The shelf life of dehydrated culture media is usually long
(several years). However, dehydrated media are hygroscopic and
quickly deteriorate when exposed to moisture [23]. Therefore, re-
cord the date of opening on the container and use the product for
maximum 6 months after opening unless otherwise specified by
the manufacturer [13]. After this period, visual and performance
checks are required [14]. When not in use, keep containers tightly
closed and seal the caps with adhesive tape [23]. Discard products
when expired, when the powder is clumped, discoloured or not
free flowing, or in case of quality issues; record product details and
reasons for discarding [24].

Waste management

For disposal of used culture media, follow the in-country guide-
lines. They are mostly based onWHO guidelines, which recommend
inactivation and subsequent incineration before disposal. Inactiva-
tion (so-called ‘destruction’ or Level III inactivation) should be done
in the laboratory, in preference by autoclaving [25]. Details about
autoclave and incinerator types, validation and controls are
described elsewhere [26]. The African Society of LaboratoryMedicine
recommends, in cases where an autoclave is not available, an over-
night treatment with 2% chlorine solution [27]; however, this prac-
tice is less effective compared with autoclaving [26].

Recommendations to improve access to high-quality culture
media in LMICs

Centralized local production of media allows for harmonization and
bulk procurement

In high-income countries, commercially prepared media have
been shown to be beneficial for quality [28]. In line with this,
centralized media acquisition has been advocated for LMICs [29].
Centralized production has the advantage of dedicated media
processing areas (controlled for dust and humidity), cost-efficiency,
standardization (single lot productions) and validation of shelf-life,
shipment and storage conditions [28,29]. An example is the Central
Media-Making Laboratory in Phnom Penh, Cambodia, hosted by
a governmental tertiary-level medical university [30]. The Central
Media-Making Laboratory is ISO9001 certified and currently pro-
duces 23 types of culture media delivered to 28 clients in
Cambodia.

If overseen by the National Reference Laboratory or the Ministry
of Health, the centralized media production can also contribute to
harmonization. Harmonization will lead to a more predictable de-
mand and allows for bulk purchasing and supply and pricing ar-
rangements [18,23,29]. Besides pricing agreements, selected
pooled procurement mechanisms may contribute to a viable and
dynamic market, as has been shown for HIV diagnostics: offering
multi-year contracts with committed annual product volumes and
sourcing to different manufacturers has fostered innovation and
competition [31,32].



Table 1
Best practices for culture media preparation in resource-constrained settings

1. Calculation and weighing of dehydrated media

a. Location and conditions:
✓ Damp-free environment (low humidity), if available a laboratory fume hood
✓ Table, balance & materials: clean, dust-free and powder-free

b. Balance:
✓ Top loading (precision) balance
✓ Positioned on a level, stable, vibration-free table
✓ Calibrated at regular intervals (e.g. annually)
✓ Verify control weights before use or on a daily basis

c. Materials and PPE:
✓ To avoid inhalation and skin contact: use a safety mask and gloves
✓ Wash hands before and after working with the dehydrated culture media
✓ If required (hazard warnings on the MSDS sheets or labels, particularly ‘skin

and eye irritation’): wear safety goggles (e.g. for sodium deoxycholate)

d. Calculate:
✓ Follow the manufacturer's instructions
✓ Prepare a table with pre-defined weights and volumes for a fixed number

of plates: to generate solidmediumwith a depth of 4mm in a Petri plate of
9-cm diameter, a volume of ~20e25 mL is needed

✓ Record product name, lot number, preparation date, weight and volume of
water, balance used and operator identification in logbook

e. Weighing:
✓ To facilitate weighing: use materials with pre-defined volume
✓ Open the container and take the required amount of powder
✓ Close the container immediately to protect it from humidity
✓ Do not put excess powder back into the bottle!

2. Mixing with water and heating

a. Water:
✓ Fresh water prepared by distillation, deionization or reverse osmosis. No tap

water (affects selectivity and pH). Store in clean, sealed glass container.
✓ Verify purity before use (no bacterial growth!)
✓ Optionally, verify the quality before use (recommended by some references):

� pH: 5.5e7.7 (Note: to measure pH, add 0.3 mL of saturated potassium
chloride to 100 mL of water)

� Conductivity: <15 microSiemens
b. Materials:

✓ Heater-stirrer, heating mantle (for large volumes) or bain-marie
✓ Heat-resistant gloves
✓ Glassware: borosilicate, resistant to chemicals and heat

� Rinse with distilled/deionized water after cleaning to avoid detergent
residue

� Store in cupboard. Discard broken, etched or chipped glassware
� Use Erlenmeyers (wide base for uniform heating, small top to avoid

evaporation), bottles/flasks/tubes with screw caps, graduated cylinder to
measure water

� If required (e.g. glass Petri plates), sterilize at 160�C for 2 hours in hot air
oven. Allow oven to cool to 50�C before opening (to avoid cracking of
glassware)

c. Mixing with water (preparation):
✓ Pre-heating the water to 50e60�C may facilitate dissolution
✓ Fill to max ½ flask capacity (to avoid spills), max 1 L per flask (for mixing)

d. Procedure for dissolving powder in water:
✓ Pour half of the required water in the flask, and add the pre-weighed

powder
✓ Stir or rotate for a few minutes (do not shake!)
✓ Pour the rest of the water down the sides to dissolve any excess powder

sticking to the flask walls (dry powder may not be sterilized in the
autoclave)

e. Heating (required for agar-containing media):
✓ Do not close flasks tightly
✓ Heat up to boiling, with frequent stirring, until solution becomes clear
✓ Avoid boiling, overheating and foaming, scorching and burning, clumping

and inconsistent mixing
✓ Only autoclave when completely dissolved. Dissolution during

sterilization can cause uneven dissolution, pH drifts and browning

3. Sterilization

a. Autoclaving: (usually at 121 ± 2�C for 15 ± 1 minutes)
✓ Note that manufacturer's instructions refer to volumes of up to 1 L
✓ Some media cannot be autoclaved (e.g. SS agar, Cary Blair agar)
✓ For liquid media in tubes or bottles: first dispense in tubes/bottles, then

autoclave!
b. Avoid:

✓ Over-sterilization causing precipitation, pH change, component destruction
✓ Under-sterilization resulting in contaminated medium
✓ Direct contact with water or autoclave and water accumulation in recipients

c. Ensure:
✓ The wrapping allows for steam penetration
✓ The lids/caps are not completely tightened
✓ There is enough space between the items to allow steam circulation

d. Identification of sterilized items:
✓ Use indicator tape to label the flask (medium name/code, preparation

date, initials)
e. Verification of autoclave cycles:

✓ Chemical indicators with each cycle (e.g. timeesteametemperature
strips)

✓ Biological indicators on interval basis
f. After sterilization:

✓ Use a ‘cool down program’ or wait until the pressure drops sufficiently
before opening (~70e80�C) to avoid a fast pressure drop (liquid can boil
over, caps can be blown off)

✓ Do not wait too long before unloading the autoclave, overheating may
destroy media ingredients

4. Fine-tuning: Adding supplements, pH verification

a. Adding supplements:
✓ Let the media cool down to 45e50�C before adding heat-labile supplements
✓ Filter-sterilize heat-labile supplements (not in the case of blood)
✓ Let supplements come to room temperature before adding
✓ Add sterile supplements aseptically
✓ Ensure adequate mixing

b. Verification of pH after sterilization (not before):
✓ Verify pH (usually at 25�C) with pH meter before dispensing
✓ Take 20 mL out of the flask, let cool down and measure pH. Keep flask in

water bath
✓ Compare to the pH range specified in the manufacturer's instructions. If pH is

ok, continue with dispensing
✓ The pH of ready-made dehydrated media should not require adjustment. In

case of deviation, verify water, dehydrated medium, glassware, procedure
and start again

5. Dispensing of prepared culture media

a. Cool down media in water bath (45e50�C) before dispensing to minimize
condensation:
✓ Dispensing at too high temperature / excessive evaporation
✓ If media stay too long in water bath / precipitation (reheat, but do not

overheat)
✓ Do not use cold water to cool down agar media / flakes/cloud formation

b. Dispense the media aseptically:
✓ Work close to a flame or in a biological safety cabinet
✓ Flame sterilize the neck of the flask before and between pouring

d. Drying of plates:
✓ Dry for several hours at room temperature (up to 24 hours) to remove

condensation
✓ Selective media: ±30minutes with lid ajar. If contamination risk: keep lids

closed
✓ Dry before packing to prevent condensation on the lids. Avoid over-drying

(cracks)
e. Dispensing of agar or liquid media in tubes:

✓ Use tubes with lids that allow ventilation (e.g. screw caps), do not tighten
completely

(continued on next page)
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Table 1 (continued )

✓ Dispense in a draught-free room (with closed windows), avoid fans or climate
control

c. Dispensing of agar media in plates:
✓ Mix gently by rotating the flask before dispensing
✓ For antimicrobial susceptibility testing, agar depth should be 4 ± 0.5 mm:

� Circular Petri plate of 90 mm ¼ ~25 mL
� Use sterile, graduated pipettes or media distribution syringe/pump

✓ Avoid air bubbles (flame surface or use heated loop to remove them)
✓ Dispense on a level surface

✓ Put tubes in an autoclavable rack
✓ Mix gently by rotating the flask before dispensing
✓ Dispense the correct volume per tube. Use sterile, graduated pipettes or a

media distribution syringe/pump
✓ Close screw caps tightly after autoclaving
✓ Drying depends on the type of media:

� For agar slants, let dry in a sloped position to give a butt of 2.5e3 cm
deep and a slope of 2e2.5 cm long. Use a standardized and validated
rack

� For agar, semi-solid tubes, liquid media: let dry in rack (vertical
position)

6. Packing and storage

a. Packing and storage of plates:
✓ Label individual plates: name prepared medium/code, preparation date, lot

number
✓ Wrap plates in sealed, labelled, plastic bags, maximum ten plates/bag (to avoid

moisture)
✓ Store upside down, at 2e8�C, in the dark
✓ Close packaging again after opening to take out some plates
✓ Shelf life [13]:

� Blood agar: 7 days; with unstable additives: 2e5 days
� Most selective media: 5e7 days
� Nutrient agar without blood: 2e4 weeks

b. Storage of prepared but not dispensed agar (solidified):
✓ Only for autoclaved, non-selective media (without heat-labile components)
✓ In tightly closed flasks, at room temperature or 2e8�C, in the dark
✓ Shelf life up to 6 months
✓ Add supplements after re-melting

c. Packing and storage of tubes:
✓ Store the tubes in a labelled rack in the dark, following manufacturer's

instructions
✓ Ensure that the screw caps are tightly closed
✓ Shelf life [13]:

� Simple, non-selective broths and agars: 6 months
� Selective media: 3 weeks (2e8�C)
� Selenite broth: 2e3 months

d. Labelling of outer packaging of plates, racks of tubes and prepared agar:
✓ Medium name (abbreviated)/code
✓ Lot numberdsimple with preparation date included (e.g. MC110220da/

b/c in case of multiple lots for the same medium)
✓ Date of preparation
✓ Date of expiration
✓ Initials

7. Quality control (refer to Table 2)

8. Use of dispensed culture media

a. Bring to room temperature before use
✓ No visible drops of water on the agar surface or inside the lid
✓ Do not shake off condensation water from the lid!
✓ Dry plates for 20e30 minutes at 35e37�C with agar plates upside down, agar

base resting at an angle on the lid

✓ If necessary, dry plates at 20e25�C overnight
✓ Do not over-dry plates (cracks in surface, surface wrinkled)

b. Visual sterility check before use
✓ Check the plates for contamination/growth of colonies

According to references [11e14,23,24,29,56]. The focus is put on dehydrated agar-containing solid media. These best practices are complementary to the manufacturer's
instructions and the laboratory Quality Management System. For some practices, different options were found according to different references (e.g. stacking plates after
pouring, leaving them on the bench with the lid open, etc.). In these cases, we selected the option that is most adapted to settings in low- and middle-income countries.
Abbreviations: MSDS, material safety data sheet; PPE, personal protective equipment.

Table 2
Quality control requirements for culture media preparation

Quality control

a. Quality control (QC):
✓ Should be based on a pragmatic, risk-based approach
✓ Perform QC for each newly prepared batch
✓ Quarantine newly prepared and dispensed media until they pass QC

b. pH verification (refer to Table 1)
c. Visual inspection

✓ Cracked or damaged plates
✓ Agar detached from the plates
✓ Frozen or melted agar
✓ Unequal filling of the plates
✓ Insufficient amount of agar (<3 mm)

(Note: For MuellereHinton
agar, the agar depth should be 4 ± 0.5 mm)

✓ Haemolysis of blood-containing media
✓ Changes in the expected colour of the media
✓ Excessive bubbles or rough surfaces
✓ Excessive moisture or dehydration
✓ Obvious contamination
✓ Presence of precipitates
✓ Integrity of the packaging
✓ Presence of broken or cracked Petri plates or tubes
✓ Presence of leakage from the Petri plates or tubes
✓ Accuracy of the labelling

d. Sterility check
✓ 48 h incubation at 35e37�C (varying from 24 h to 5 days depending on the

reference)
✓ Batch with <100 units: 2% sample; batch with >100 units: ten random units
✓ In case of contamination, reject the batch and prepare a new one
✓ Do not re-use the plates used for sterility check
✓ Note that an additional visual check should always be done right before use

e. Performance check:
✓ Use QC organisms:

� Choose appropriate QC organisms based on standards, guidelines or
manufacturer's instructions

� Type culture collection organisms (e.g. ATCC) are recommended but previously
characterized clinical organisms or EQA strains shown to be phenotypically
stable (documentation required) are also accepted

� QC organisms should be correctly maintained and stored (refer to CLSI M22-A3
[8])

✓ Use a standardized suspension to inoculate the culture media
✓ Check and record growth (colony size and morphology), selectivity and

differentiation:
� Support of target organism: Use at least one organism, record growth and

biochemical reaction (e.g. colour on the MacConkey)
� Selective media: Use at least one organism that is expected to grow and at least

one organism that is not expected to grow
� Differential medium: Use organisms which will display the intended growth

and reactions (e.g. MacConkey: Shigella flexneri, Escherichia coli and
Staphylococcus aureus)

� Biochemical media (e.g. urease-test): Use at least one organism that will
produce a negative reaction and one organism that will produce a positive
reaction

✓ Perform disc diffusion to check MuellereHinton agar plates

According to references [8,13,23,24,29,56e59].
Abbreviations: ATCC, American Type Culture Collection; EQA, external quality assessment; QC, quality control.
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Table 3
Troubleshooting: overview of the most common errors and possible causes

Error Possible causes

Clumping of dehydrated culture media ✓ Humidity too high during storage
✓ Container left open for too long
✓ Container not tightly closed after opening
✓ Dehydrated culture medium beyond shelf life

Wrong pH ✓ pH meter not calibrated
✓ pH verification done on too hot medium (generally to be done at 25�C)
✓ Overheating: excessive sterilization, heterogeneous mixing, medium kept at 50�C for too long,

repeated re-melting or at too high temperature
✓ Use of poor-quality water or container
✓ Use of chemically contaminated containers
✓ Incomplete dissolution/mixture of medium
✓ Dehydrated medium stored incorrectly (e.g. not tightly closed) or beyond shelf life

Incomplete solubility ✓ Use of inadequate water
✓ Inadequate heating/inadequate timing for dissolution
✓ Insufficient soaking or incomplete mixing
✓ Flask too small to allow adequate mixing and/or convection

Darkening, caramelization ✓ Overheating: excessive sterilization, heterogeneous mixing, medium kept at 50�C for too long,
repeated re-melting or at too high temperature

✓ Incomplete dissolution of medium

Incomplete gelling or soft agar ✓ Incorrect proportions of product to water: error in weighing or over-dilution
✓ Agar not properly dissolved: poor mixing, prolonged storage at 50�C
✓ Overheating of culture medium, possibly at low pH
✓ Repeated re-melting causing overheating

Turbidity, precipitation ✓ Poor quality of dehydrated media
✓ Use of poor quality of water or container
✓ Overheating: excessive sterilization, heterogeneous mixing, medium kept at 50�C for too long, repeated

re-melting or at too high temperature
✓ Wrong pH
✓ Incomplete dissolution/mixture of medium
✓ Loss of water of the prepared culture medium due to evaporation

Poor growth or loss of differential
properties

✓ Incorrect or improperly maintained QC organisms used
✓ Overheating: excessive sterilization, heterogeneous mixing, medium kept at 50�C for too long, repeated

re-melting or at too high temperature
✓ Incomplete dissolution/mixture of medium
✓ Inhibitory substances in water, container or inoculum
✓ Wrong pH

According to references [11e13,60].
Abbreviation: QC, quality control.
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Anticoagulated hair sheep blood as a substitute for defibrinated
wool sheep or horse blood

Citrated blood of hair sheep (the short-haired sheep resistant to
tropical climates) is a practical alternative for defibrinated wool
sheep and horse blood [16,33]. It may be obtained in partnership
with a local farmer, slaughterhouse or veterinary school.

Role of the national reference laboratories and clinical
microbiologists

As part of their cardinal role in the antimicrobial resistance
surveillance, National Reference Laboratories provide guidance,
technical support, training and supervision to the tiered national
laboratory network [15,34]. For culture media, this comprises
guidance in selection and supply, procedures for storage and
preparation, quality control (including lot-to-lot variation) and
post-market surveillance of culture media. In addition, services
include distribution of strains for quality control and antibiotic
susceptibility testing for those organisms requiring more complex
media (e.g. fastidious organisms) [23,29].

The pivotal role of the clinical microbiologist in the day-to-day
working of a clinical bacteriology laboratory is apparent. Clinical
microbiologists give advice on prioritization of specimens,
selection of culture media and diagnostic tests, choice of antibiotics
for susceptibility testing, validation of results and safeguarding
quality. Moreover, they play a central role in the strengthening of
diagnostic capacity in LMICs [35]. In many LMICs, however, equiv-
alents to clinical microbiologists are rare and ill-defined and most
clinical bacteriology laboratories are overseen by managers with
little expertise in clinical bacteriology [3]. There is an urgent need
for more qualified professionals in LMICs to fill this gap.
The WHO essential diagnostics list

The WHO EDL promotes and prioritizes access to IVDs. It is
modelled on and complementary to the WHO List of Essential
Medicines [36], which has been crucial for access to affordable
treatment in LMICs [35]. The WHO EDL creates political will and
calls for manufacturers' commitment [18]. WHOmember states are
invited to adapt the WHO EDL to their local disease burden. As an
example, the Cambodian National Essential Medicine List included
a list of essential culture media and diagnostic testing devices even
before the WHO EDL launch [37]. Through the WHO EDL and their
member state adaptations, manufacturers are informed that listed
products (including culture media) are considered as essential and
so must be quality assured [18].
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Professional societies in clinical microbiology and academia

Professional societies issue evidence-based guidelines and al-
gorithms about IVDs and some of them are very rationalized
practices in LMICs. As an example, for quality control of culture
media outside antibiotic susceptibility testing, the CLSI M22-A3
guideline authorizes the use of well-characterized clinical organ-
isms [8]. This pragmatic recommendation allows the National
Reference Laboratories to biobank and distribute phenotypically
stable quality control strains instead of procuring expensive culture
collection strains. Even more impact can be expected from inde-
pendent product evaluations such as those recently carried out by
the European Committee on Antimicrobial Susceptibility Testing
for MuellereHinton media and antibiotic discs [38,39]. Apart from
guidance, independent evaluation studies create awareness among
users and manufacturers and incite product improvement [40], as
was demonstrated for the antibiotic discs [39].

A more stringent and harmonized regulation of in vitro diagnostics

The MuellereHinton and antibiotic disc evaluation studies
performed by the European Committee on Antimicrobial Suscep-
tibility Testing highlighted the need for more stringent regulatory
criteria [39]. In the absence of implemented regulations in some
LMICs, laboratories frequently refer to regulatory approval in high-
income countries, for example the CE (Conformit�e Europ�eenne)
mark of the European Union. The current EU IVD 98/79 Directive
will be superseded by the more stringent EU Regulation 2017/746,
which will be effective from 2022 onwards, but the exact place of
culture media is still unclear [41]. The Pan-African Harmonization
Working Party is working on a harmonized IVD regulatory frame-
work, with emphasis on a common registration file, clinical evi-
dence and post-marketing [42,43].

In vitro diagnostic manufacturers

The landscape of diagnostic manufacturers in LMICs is changing,
as manufacturers from booming economies are entering [4,10,18].
However, for emerging economies to be competitive, a higher de-
mand from LMICs, NortheSouth technology transfer and an
improved diagnostics production and supply chain are required
[18]. In addition, diagnostic manufacturers must become familiar
with the aspects of clinical bacteriology and the multitude and
diversity of consumables [3]. PublicePrivate Partnerships or similar
can be explored to enable laboratories or networks of laboratories
to strengthen media production, including pooled procurement
and training [44]. An example in the context of HIV and tubercu-
losis is the PublicePrivate Partnership between the US President's
Emergency Plan for AIDS Relief (PEPFAR) and Becton Dickinson to
strengthen laboratory systems in several African countries, which
resulted in improved specimen referral systems in Ethiopia [45]. To
be successful, clear communication and explicit division of the roles
and responsibilities of each partner must be ensured, and the au-
tonomy and flexibility of the laboratorymust be safeguarded [3,45].

Further research to be done

Rational use of resources and culture media

Cost-effective use of culture media is key to building sustainable
clinical microbiology services. A tiered identification system with
basic (genus or group level) identification on site and referral to
reference laboratories for species identification can reduce costs
and complexity [4]. Further, adapted culture media should be
studied in a clinical setting. Examples are glucose-topped
MacConkey agar for urine cultures as well as chromogenic media
(provided it is affordable and stable) [46,47]. The high investment
needed to obtain sheep blood in remote settings calls for alterna-
tives, such as blood-free media for large-colony haemolytic strep-
tococci [48]. Re-usable culture tubes and Petri plates made of
borosilicate glass can reduce costs as well as biplates, which are
cost-effective, but may be difficult to find and are more complex to
prepare. The clinical microbiologist can give recommendations af-
ter a risk- and cost-based evaluation.

Bacteriological agar is obtained from sea algae at only a few
harvesting sites and its increasing use may imply higher cost and
shortage. In addition, it is expensive (estimated at US$500/kg in
2012) and its cost represents more than 90% of the cost of common
solid media [49]. In food and water microbiology, ready-to-use
absorbent pads impregnated with culture media are used but
they have not yet been adapted to the need for subculture in clinical
bacteriology [50]. Alternatives for bacteriological agar are under-
way but need further research; they include low-cost food-grade
agar [49], cellulose produced by engineered bacteria [51] and
alternative gelling agents [6,52].

Tropicalization and customization of culture media formulations

Marketed products typically display stability at temperatures up
to 25�C or 30�C but actual storage temperatures in LMICs may be
much higher [53]. Therefore, research also needs to address the
temperature stability of culture media and the humidity resistance
of their packaging. Examples of low-tech low-cost formulations are
pre-weighed sealed packages (e.g. ready-to-use for 1 litre) offered
by several suppliers and prepared media stored in bottles that can
be re-melted and poured. Further, granulated formulations of
dehydrated media may have, in addition to their other advantages
(less dust, longer shelf life), the potential of better temperature and
humidity resistance [12]. More demanding questions are about
extending the shelf life of poured products (e.g. by vacuum-sealed
gas-flushed packaging) and the implementation of biodegradable
plastic materials [54,55].
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