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Abstract: When fermentation research requires the comparison of many strains or conditions, the
major bottleneck is a technical one. Microplate approaches are not able to produce representative
fermentative performance due to their inability to truly operate anaerobically, whilst more traditional
methods do not facilitate sample density sufficient to assess enough candidates to be considered even
medium throughput. Two robotic platforms have been developed that address these technological
shortfalls. Both are built on commercially available liquid handling platforms fitted with custom
labware. Results are presented detailing fermentation performance as compared to current best
practice, i.e., shake flasks fitted with airlocks and sideports. The ‘TeeBot’ is capable sampling from 96
or 384 fermentations in 100 mL or 30 mL volumes, respectively, with airlock sealing and minimal
headspace. Sampling and downstream analysis are facilitated by automated liquid handling, use of
96-well sample plate format and temporary cryo-storage (<0 ◦ C).
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1. Introduction
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The isolation or improvement of fermentatively useful strains requires that candidates
be assessed in relation to each other and industry stalwarts. The options available to
researchers working in this field are to date limited in terms of sample volume (Biolectorhttps://www.m2p-labs.com (accessed on 24 September 2021)), density, ease of use (100 mL
shake flask with airlock), and cost (AMBR 15/250 https://www.sartorius.com/en/product
s/fermentation-bioreactors/ambr-multi-parallel-bioreactors/ambr-250-high-throughput
(accessed on 24 September 2021)). 2mag AG (Muenchen, Germany) produce bioREACTOR
48, a block of 48 parallelized mini-reactors, which does offer some of the features of the
system described here, but does not allow access to the sample volume for open platform
measurement of analytes; however, it does offer gas control and measurement of pH and
Dissolved Oxygen.
To address this technical deficit, two sampling robots along with custom labware have
been developed. Both are based on the Tecan EVO200 deck (Tecan Australia Pty Ltd., Port
Melbourne, VIC, Australia) with standard liquid handling arm (LiHa). The labware fit
out of the instrument deck allows for strain comparison under self-anaerobic fermentation
conditions, facilitates aseptic sampling into industry standardized, 96-well microplates
(0.2–2 mL), with temporary storage (below zero) to inhibit continued metabolism, prior to
retrieval for later analysis. The automated sampling is cost effective in terms of consumables
(syringe needles), sterility and labour.
The two customized robots are novel, as to the best of the authors’ knowledge there is
no commercial system available with offline sampling in an industry standard assay format
that offers the density of samples (96 or 384), allowing for replication, with sufficient sample
volumes (100 mL or 30 mL, respectively) that more closely resemble current fermentation
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systems. Further the reusable bottles (100 mL) or disposable tubes allow the system to be
run economically with per sample costs <3 AU$.
2. Materials and Methods
Design of Robotic Fermentation Platforms
Tecan Evo 200 liquid handling platforms were purchased from Tecan (Tecan AG,
Switzerland), equipped with ‘Liquid LiHa’ arm, 5 mL diluters and either 2 (100 mL
ferment volumes) or 4 (30 mL ferment volumes) standard (Teflon® -coated or stainless steel)
washable tips (Tecan, as fitted to standard Liquid LiHa arms). All liquid handling was
backed up with 20% ethanol (v/v) used as ‘system liquid’.
Platform design is outlined as follows:
I.

96 ×100 mL ferments (Generation#1 instrument)

Four billet aluminum blocks were machined (DIEMOULD Engineering, Wingfield, SA,
Australia) with each block holding 24 modified 100 mL Duran style bottles in a 6 × 4 array.
The bottles were custom blown to increase actual volume to 140 mL, allowing for a standard
ferment volume of 100 mL. Two discrete sets of coolant galleries were drilled both along
and across the billets to allow for alternate crossflow connection to heater/chiller units
facilitating temperature control. Airlocks (https://www.carbon3d.com/resources/casestudy/tthandadelaide/ (accessed on 24 September 2021)) with replaceable silicon septa
(Translucent 40 Duro 3 × 12 mm dia. Industrial Gaskets, Melrose Park, SA, Australia),
were secured with GL45 aperture caps to the bottles with silicone GL45 gaskets. Retainer
bars fitted to the top of the block stopped bottles being lifted by the sampling needle.
Aluminum blocks were attached to a custom-supplied, 24-position, 2mag AG (Muenchen,
Germany) MIXdrive base, which allowed for mixing of bottle contents with magnetic octahedral stirrer bars (25 × 8 mm, PTFE; Cowie® , Middlesbrough, UK). A schematic of the
block is shown in Figure 1 and “S1 Video Gen#1 operation.mov” video (Supplementary Materials).

Figure 1. 24 × 100 mL temperature control and retention block (1 of 4) used to house 24 fermentation vessels.

II.

384 × 30 mL ferments (Generation#2)

Four frames were machined from sheet/billet aluminum (Witley Engineering, Gawler,
SA, Australia) and assembled to hold an 8 × 12 array of (96) 50 mL screw cap polypropy-

Fermentation 2021, 7, 205

3 of 11

lene tubes (P50; Techno Plas, St Marys, SA, Australia). The 50 mL tubes have an ideal
ferment volume <30 mL as attested to by the group’s research [1]. A custom cut silicon
gasket (Industrial Gaskets, Melrose Park, SA, Australia) provides airtight sealing between
the tubes and each of 96 CLIP printed airlocks. Each airlock retains a silicon septum
(3 × 12 mm) that is held in place by an aluminum retainer plate. This plate is subsequently
torqued into place with a bolt/washer fastener from above. Assembly of the components
is shown in Figure 2 and “S2 Video Gen#2 operation” video (Supplementary Materials).

Figure 2. 96 × 30 mL rack and airlock assembly (1 of 4) used to house 96 fermentation vessels.

Temperature control for the 4 × 96 frames was maintained by immersion into indexed
water baths (Witley Engineering, Gawler, SA, Australia) fitted with frame retainers to
prevent lifting by the sampling needle. Frames were indexed/located into the bath on
four lugs that key into the aluminum frame. Laminar flow in the bath was encouraged
by a “parapet” spillway across the effluent end, with water returning to heater/chiller
units housed beneath the instrument. Mixing was mediated by magnetic cross stirrer bars
(8 × 20 mm, PFTE; Cowie® , Middlesbrough, UK), driven by a custom-supplied 96-position,
2mag AG MIXdrive base beneath the water bath, which is removable for ease of cleaning.
III. Airlock design
Several iterations of engineered airlocks were tested in the Generation#1 instrument
leading to the adoption of CLIP printed airlocks (Printed using Carbon3d instruments by
The Technology House, Streetsboro, Ohio USA) for both generations (Figure 3). These are
dishwasher safe and autoclavable (15 min, 121 ◦ C). Airlocks house a 3 × 12 mm silicon
rubber septum either by a retainer plate with the GL45 collar (Generation#1) or a machined
plate bolted to the frame. In either case, the septa and gaskets are compressed to prevent
gas escape. Sterilization of the fermentation vessels was achieved by autoclaving, with
1–2 mL of sterile water added to each airlock prior to commencement of fermentation.
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Figure 3. Comparison of fermentation vessels.

From Left rear: 250 mL shake flask, Generation #1 fermenter assembled (middle rear)
and component parts (to front), Generation #2 fermenter (right rear) and component parts
(to front) note gasket and septa retainer omitted as they are integral to the rack assembly.
IV.

Temperature Control

Temperature regulation (for both instruments) was performed by two CORIO CD-200F
(Julabo GmbH, Seelbach, Germany) recirculating heater/chiller units each. This allowed
for two discrete fermentation temperatures to be tested per run, comprising 50% of the
available fermentation vessels in each case (i.e., 48 or 192 vessels, respectively). Fermentations in the Generation#1 instrument are a ‘closed loop’ whilst for the Generation#2
instrument they are in an ‘open bath’ system. Uniformity was assessed using a HH147U 4
channel data logging temperature gauge fitted with K-type thermocouples. Readings were
taken after 2 min to ensure stable readings.

Fermentation 2021, 7, 205

5 of 11

V.

Software

Sampling schemes, times and volumes, as well as sanitisation routines between
sampling cycles were controlled using ‘Tecan Evoware Std’ software supplied with the
instruments. Multiple sampling cycles could be scheduled to start at defined times in the
future, limited only by the number of available sample deposition locations (microplates).
VI. Laboratory scale fermentations
Fermentation performance was conducted in 100 mL of 0.22 µM filter-sterilized Chemically Defined Grape Juice Medium (CDGJM) in a ‘TeeBot’ flask (Generation#1) or 250 mL
shake flask. The CDGJM was as described in [2], except nitrogen was as ammonium chloride and amino acids. Fermentations were inoculated to a density of 5 × 106 cells mL−1
of Saccharomyces cerevisiae grown in CDGJM starter (50 g L−1 glucose, 50 g L−1 fructose,
supplemented with 10 mg L−1 ergosterol and 540 mg L−1 Tween 80). Sugar consumption (glucose, fructose) was measured during the course of the fermentation by enzyme
assay [2–15].
3. Results
Any engineered solution to the challenges posed by high throughput fermentation
needs to prove empirically that it does not impose artefacts on the data produced. Furthermore, a range of potential issues need to be addressed: (i) maintenance of temperature
uniformity, (ii) establishment of an anaerobic environment, (iii) preservation of sterility of
individual samples per se during sampling, (iv) reproducibility of fermentations without
artefact, comparable to or better than ‘best practice’ and (v) provision of sufficient sample
density/throughput to address experimental requirements.
3.1. Maintenance of Temperature Uniformity
For the Generation#1 instrument, temperature uniformity was assessed using a
HH147U (Omega instruments) 4 channel data logging thermocouple based digital thermometer. Flasks containing 100 mL of deionized (DI) water were allowed to equilibrate for
4–5 h at 30 ◦ C with readings taken after 2 min stabilization time. Only the two outermost
blocks were assessed, as they were the most likely to see variation through convective
heat loss. Thermal exchange from the heater/chiller units was mediated by DI water, with
temperature set to 30 ◦ C (Figure 4). All four blocks were insulated with a 12 mm high
density neoprene jacket to minimize heat exchange.

Figure 4. Heat-map of ‘TeeBot’ flask temperatures in Generation#1 instrument. An average temperature of 30.2 ± 0.1 ◦ C
was observed across wells held in a set temperature of 30 ◦ C (n = 48).
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Temperature uniformity for the Generation#2 system was not tested as the individual
tubes were in a ‘closed’ system not accessible to the temperature probe. However, the
immersion bath was found to be thermally stable using the digital thermometer used above.
Flow rates of 5 L/min ensured complete exchange of liquid in the bath each minute (data
not shown).
3.2. Establishment of an Anaerobic Environment
Resazurin (a redox indicator) was used to determine whether an anaerobic environment was established in the different vessels (flask, bottle, tube), following yeast inoculation
in CDGJM (data not shown). The blue resazurin solution (0.1 g/100 mL water), when
added to the culture at 1 mL L−1 , is irreversibly reduced to resorufin (pink), which is
subsequently reduced to colourless dihydroresorufin in a reversible secondary reaction
when anaerobic conditions are attained through yeast proliferation [16]. This occurs rapidly
(within 4 to 6 h in flasks without N2 sparging [15]. Furthermore, the presence of glucose and
fructose (200 g L−1 total sugar), ensures that Saccharomyces cerevisiae undergo fermentation
rather than respiration, as Crabtree positive yeast, producing ethanol [17] regardless of
oxygen content [13].
3.3. Preservation of Sterility of Individual Samples Per Se during Sampling
The system cannot prove its utility unless it can be both sterilized at the outset of
an experiment and subsequently not lead to serial contamination during sampling. The
LiHa’s two needles (Generation#1) or four needles (Generation#2) were run through a
decontamination cycle in which methanol (100%) was used as a bactericidal/fungicidal
wash between each sampling event. In addition, the tubing connected to the LiHa was
flushed with 20% ethanol (v/v) between sampling from a 20 L plastic jerry can as a reservoir.
Inclusion of regular medium-only (un-inoculated) controls has proven this method and the
sampling regime to be aseptic even when using nutrient rich media such as CDGJM and
YEPD (Figures 5 and 6) or filter-sterilized (0.2 µM) white grape juice [4,5].
3.4. Reproducibility of Fermentations without Artefact, Comparable to or Better Than ‘Best Practice’
To be deemed a successful solution to the problem posed by high throughput fermentations, this system must be capable of producing fermentation data that is consistent
and comparable to current best practices. Fermentation kinetics from sample to sample
must be comparable (with small replica variance) and it must meet or exceed current lower
throughput alternatives. The current ‘best practice’ fermentation analysis, which is lower
throughput, uses ~100 mL of media in a 250 mL flask, orbitally agitated in a controlled
temperature environment.
In an experiment comparing identical media, inoculation rates and yeast strains,
similar fermentation kinetics should be expected. Differences between two distinct methods
of incubation are expected as variations in headspace and absolute temperature are not
able to be eliminated. A comparison of a single yeast (EC1118) in CDGJM (200 g L−1 ,
450 mg L−1 FAN) was conducted either in a ‘TeeBot’ (30 replicates) or 100 mL shake flasks
(40 replicates; Figure 5). Breaking of sample sterility was observed in two of the three
flask replicates (no yeast; blue dashed line) as sugar consumption after ~50 h. Whilst there
is an observed difference in fermentation kinetics, the relative variability is acceptable
between the methodologies. The variance between the replicates with flasks was 2.3%
(AUC; 4388.8 ± 100.3, n = 45) compared to 11% (AUC; 4930.6 ± 544.4, n = 30) using the
‘TeeBot’. The larger variation with the latter is greatly compensated for by the advantages of
the platform regarding sampling, which can be programmed remotely, with samples taken
(0.2–1 mL), arrayed for high-throughput enzymatic analysis of metabolites and temporarily
stored at 0 ◦ C until they are removed for cryo-storage or direct analysis. Considerable
intervention is required with flasks, which require manual sampling and clarification
(usually of 1 mL samples) prior to cryo-storage or transfer into plates for cryo-storage and
later analysis.
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Figure 5. Comparison between shake flask and Generation #1 platform based fermentations using
a single yeast (EC1118). The strain was fermented as technical replicates in ‘Teebot’ bottles (n = 30;
purple solid line) and flasks (n = 40; red dashed line). Sterility controls (no yeast) were included as
technical replicates for YEPD (3 flasks, green dashed line and 12 Teebot bottles, green solid line) and
CDGJM (3 flasks, blue dashed line and 6 ‘Teebot’ bottles, blue solid line).

Fermentation was completed more rapidly in shake flasks. This is most likely due to
larger headspace and initial oxygen availability at the outset of fermentation, which would
allow the yeast to build biomass more rapidly, enabling more rapid sugar consumption [18]
although this was not confirmed here. In the Jiranek laboratory, ferment vessels are not
routinely sparged with nitrogen (to displace the air) prior to fermentation. This study
has shown that the ferments become anaerobic within 4 to 6 h of inoculation [15]. More
important, is that the fermentation trend of a yeast in a given medium is reproducible and
consistent within a particular apparatus setup.
3.5. Provision of Sample Density Sufficient to Address Experimental Needs
To address a need for high(er) throughput fermentation, several basics were indispensable in the design of the two fermentation platforms; consistency and transferability
of data related to the fermentation performance under given condition(s). Sampling was
semi-automated, with removal of deposition plates limited to when they needed to be
replaced (up to 2 days depending upon sampling regime and platform). Transferability of
data was evaluated as a single experiment where the fermentation performance of four
commercial wine yeast was compared in CDGJM (Figure 6).
The sugar curves produced using the Generation#1 and #2 platforms were very similar
(Figure 6C), although increased variation was noted for Generation#2 (Figure 6B), which is
most likely a result of the number of replicates and limitations of the sugar analysis itself.
Importantly, the Area Under the Curve values [6] for each strain were similar (Table 1),
indicative of fermentation phenotype being reproducible when scaled up as common with
screening large numbers.
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Figure 6. Comparison of sugar consumption by four commercial yeasts fermented as 100 mL cultures
(Generation#1) versus 30 mL cultures (Generation#2) in CDGJM. Four commercial wine yeast were
inoculated from YEPD starter cultures at 1% in CDGJM (115 g L−1 glucose, 115 g L−1 fructose;
350 mg L−1 FAN). Graphs depict residual sugar (g L−1 ) over time (hours). (A) 3 replicates per strain
(Generation#1). (B) 19 replicates per strain (Generation#2). (C) Overlay of the sugar curves produced
from the two ‘Teebot’ platforms. Sterility controls (9 replicates) were included in the Generation#2
experiment (YEPD, 20 g L−1 sugar and CDGJM, 230 g L−1 sugar).
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Table 1. Comparison of fermentation performance of four wine yeast fermented in CDGJM (230 g L−1
sugar, 350 mg L−1 FAN) in 100 mL (Generation#1) and 30 mL (Generation#2) volumes. The mean
Area Under the Curve (AUC) value was calculated for each strain, together with the standard
deviation from the mean.
Strain

71B
Fermichamp
M2
Uvaferm43

Generation#1

Generation#2

AUC ± Stdev (n = 3)

AUC ± Stdev (n = 19)

18,887 ± 101
20,383 ± 196
19,608 ± 155
20,181 ± 206

19,261 ± 524
21,269 ± 448
19,641 ± 311
20,693 ± 285

The platform format chosen for a particular experiment will be dependent not only on
sample number but also downstream analysis requirements. For example, Generation#1
and #2 are suitable for several analyses requiring <1 mL samples such as for organic acids,
sugars and nitrogen (Megazyme assay kits), which are useful for monitoring alcoholic
fermentation (sugar and nitrogen) and secondary malolactic fermentation (malic acid,
lactic acid). End-of-fermentation sample volume requirements range from ≤1 mL for
HPLC analysis (sugars, organic acids, acetaldehyde, glycerol and ethanol; [9–14] and
≥10 mL for GCMS analysis of secondary metabolites or volatiles (Generation#1; [5]; [8]
and #2; [4]. Whilst determination of sulfur dioxide by aspiration/titration [11] and ethanol
by Alcolyzer (Anton Paar GmbH, Graz, Austria) requires ~40–50 mL (Generation#1 only).
These fermentation platforms have been successfully used to complement large-scale
screenings using microplate (0.2 mL) scale fermentations, where only sugar (and nitrogen)
consumption can be monitored [7]. Complete Generation#1 and Generation#2 platforms
are shown in Figure 7.

Figure 7. Generation#1 and #2 ‘Teebot’ fermentation and sampling systems.

4. Discussion
With the successful application of both generations of automated fermentation platforms and the publication of several reports [2,5–10] this study achieved all the criteria
defined earlier in the design and implementation of a high throughput fermentation platform. There are no other systems available that match the ‘Teebots’ for performance in
their ability to screen large numbers of candidate fermentative organisms. In terms of
flexibility in throughput, scale of fermentation is important as the larger volumes avoid the
shortcomings of fermentation in micro-titer plates, namely inoculation rate, evaporation,
and replication. Care is needed to prevent evaporation, with the micro-titer plates requiring
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adequate sealing and humidity, as the overall volume size is only 0.2–1 mL. Achieving
consistent inoculation can be problematic, with inoculation volumes typically being only
5–10 µL per 200 µL of media, which equates to ~5 × 106 yeast cells mL−1 recommended for
industrial (https://www.awri.com.au/industry_support/winemaking_resources/wine
_fermentation/yeast-rehydration/ (accessed on 24 September 2021)) and laboratory scale
fermentation [10]. Monitoring of fermentation requires several replicates of a single plate,
which is labour intensive, especially with large numbers, such that replication is often
forgone until later in the screening process [10,14]. These compromises can be avoided
through the use of the ‘TeeBot’ platforms, which allow for larger scale volumes, more
suited for inoculation by cell density (cells per mL) and greater analysis of metabolites
and fermentation kinetics as well as automated inoculation “S3 Video Gen#2 inoculation”
(Supplementary Materials). Most importantly, the tedious but important task of evaluating
new wine yeast and bacteria can be done with minimal intervention by the researcher.
5. Emerging Trends and Future Prospects
The process of bioprospecting for novel strains for application in food production
is an ever-increasing sphere of research. The ability to collect strains from the environment is considerably constrained by the ability of researchers to characterise the strains
and assess their suitability for application. In the field of rapid characterisation of large
pools of strains either obtained after evolutionary experiments, mutagenesis, breeding or
bioprospecting, there is a need to be able to assess fermentative performance of sufficiently
replicated samples in volumes larger than those represented in a microplate. Cost is always
a concern, and with the reusable (100 mL) or disposable (30 mL) ferment vessels neither
are prohibitively expensive once the capital outlay has been achieved. As such, systems
such as the ‘TeeBot’ robotic systems described here will become standard equipment in a
fermentation-related research laboratory.
Supplementary Materials: The following are available online at https://www.mdpi.com/article
/10.3390/fermentation7040205/s1, “S1 Video Gen#1 operation.mov”: Sampling for generation#1,
“S2 Video Gen#2 operation.m4v”: Sampling for generation#2. “S3 Video Gen#2 inoculation.m4v”:
Inoculation for generation#2.
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Abbreviations
CLIP—Continuous Liquid Interface Production; DO—dissolved oxygen; FAN—free
amino nitrogen
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