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Abstract

Insects represent a particularly interesting habitat in which to search for novel yeasts

of value to industry. Insect-associated yeasts have the potential to have traits rele-

vant to modern food and beverage production due to insect–yeast interactions, with

such traits including diverse carbohydrate metabolisms, high sugar tolerance, and

general stress tolerance. Here, we consider the potential value of insect-associated

yeasts in the specific context of baking. We isolated 63 yeast strains from 13 species

of hymenoptera from the United States, representing 37 yeast species from 14 gen-

era. Screening for the ability to ferment maltose, a sugar important for bread produc-

tion, resulted in the identification of 13 strains of Candida, Lachancea, and Pichia

species. We assessed their ability to leaven dough. All strains produced baked loaves

comparable to a commercial baking strain of Saccharomyces cerevisiae. The same

13 strains were also grown under various sugar and salt conditions relevant to

osmotic challenges experienced in the manufacturing processes and the production

of sweet dough. We show that many of these yeast strains, most notably strains of

Lachancea species, grow at a similar or higher rate and population size as commercial

baker's yeast. We additionally assessed the comparative phenotypes and genetics of

insect-associated S. cerevisiae strains unable to ferment maltose and identified

baking-relevant traits, including variations in the HOG1 signaling pathway and diverse

carbohydrate metabolisms. Our results suggest that non-conventional yeasts have

high potential for baking and, more generally, showcase the success of bio-

prospecting in insects for identifying yeasts relevant for industrial uses.

Take Away

• We isolated yeasts from insects, identifying 63 strains of yeast from 14 genera.

• Maltose fermentation was variable among species and strains.

• Non-Saccharomyces yeasts leavened bread comparable to baker's yeast.

• Insect-associated yeasts exhibited high osmotolerance and halotolerance.

• Hymenoptera are a source for bioprospecting yeast for baking.
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1 | INTRODUCTION

The food and beverage industry faces significant market pressure to

provide products with enhanced features for consumers and bakers

(e.g., improved flavors, aromas, and functionality), while also meeting

manufacturing and regulatory requirements (e.g., improved shelf-life,

reduced cost of goods, and GRAS-designated ingredients). Ideally,

they need to provide these new features without increasing the num-

ber of listed ingredients or additives in foods and drinks (due to con-

sumer preferences) (Expert Market Research, n.d.), or relying on

genetically modified organisms (due to consumer hesitancy and uncer-

tain regulatory landscapes) (Bawa & Anilakumar, 2013). Environmental

Saccharomyces and non-Saccharomyces isolates have the potential to

be a scalable source of new food and beverage features (Steensels &

Verstrepen, 2014; Zhou et al., 2021), while reducing the need for

additional ingredients or GMO labeling.

Environmental yeasts differ, one to another, in their genotypic

and phenotypic traits (Birch et al., 2013; Christiaens et al., 2014; Pétel

et al., 2016; Steensels et al., 2014). Such variation can be found even

among closely related species or strains within species. This trait vari-

ation has the potential to translate into product variation in the con-

text of foods and beverages. For example, natural variation among

yeast strains and species in the production of esters, alcohols, and

organic acids can translate into enhanced flavors and aromas in fer-

mented products (Aslankoohi et al., 2016; Steensels et al., 2014;

Steensels & Verstrepen, 2014). Other strains offer the benefits of nat-

ural antimicrobial production to enhance shelf-life (Kemsawasd

et al., 2015). These enhanced features do not necessarily come with a

sacrifice to manufacturability. For example, many of the same strains

that offer enhanced flavor production in breads also provide sufficient

dough leavening capability due to their ability to efficiently ferment

carbohydrates such as maltose (Aslankoohi et al., 2016). As another

example, strains of Lachancea and Torulaspora have been identified

which are capable of dough leavening and which are more freeze-

tolerant than some currently commercialized strains (Alves-Araújo

et al., 2004; Hino et al., 1990). Here, we consider the potential of

novel, environmental yeasts in food, in the specific context of bread.

Our focus is on environmental Saccharomyces and non-Saccharomyces

strains isolated from insects.

The global bakery product industry is a 507 billion dollar (USD)

industry (Expert Market Research, n.d.). It includes both biscuits and

yeast-leavened products such as breads and rolls. Historically, the

yeasts used to produce these ferments are likely to have been diverse

and appear to have derived from many different genera, including

Candida, Pichia, Kazachstania, Naumovozyma, Saccharomyces, and

Wickerhamomyces (Huys et al., 2013; Jacques et al., 2016; Landis

et al., 2021; Urien et al., 2019). However, over the last 200 years, a

process of cultural and yeast homogenization has led to the current

bread, yeast “ecosystem” in which the vast majority of all yeast cells

relied on for bread production globally are of a small handful of strains

from just one species, Saccharomyces cerevisiae. While there has been

tantalizing evidence that environmental Saccharomyces and non-

Saccharomyces strains provide useful features for the food and

beverage industry, the identification and exploration of such yeasts

for the food and beverage world has been relatively limited. Further-

more, many (but not all) of those yeasts that have been isolated and

characterized have often failed industrially, in part because available

bioprospecting screens have failed to result in cultivated microorgan-

isms that perform the necessary metabolisms in the actual industrial

context (Donalies et al., 2008, but see Aslankoohi et al., 2016).

Recent research has revealed that the natural history of many

environmental yeast species includes reliance on insects both as

transport from one sugar source to another (Madden et al., 2017,

2018; Stefanini, 2018) and as sites in which conditions are suitable

for reproduction (Dapporto et al., 2016; Reuter et al., 2007;

Stefanini, 2018; Stefanini et al., 2012) and hybridization (di Paola

et al., 2020). Insects thus represent a context in which novel

yeasts—and novel metabolisms—can be and have been discovered

(e.g., Suh et al., 2005). A subset of the yeasts carried by insects has

traits that have already been noted to be useful to industry and

have been commercialized. Sheppard et al. (2016), for example, dis-

covered strains of Lachancea thermotolerans, isolated from bumble

bees (Bombus sp.) and paper wasps (Vespula sp.) that are capable of

fermenting maltose and subsequently brewing monoculture beers

with novel characteristics at pilot brewery scale (Madden,

unpublished data; Svendsen, 2016). Nor is the potential of insect-

associated yeasts for food and beverage production entirely new;

for example, Stefanini (2018) has argued that the canonical species

and strains of bread and beer yeasts originally derive from ancestors

associated with wasps.

Hymenoptera, and other nectar, honeydew, and fruit-foraging

insects may be particularly useful sources of yeast for the food and

beverage industry because of their unique relationship with yeast,

and the resultant yeast metabolisms this relationship may have

selected for (Madden et al., 2018). For example, wasps and some

species of bumblebees are attracted to alcohol and ester VOCs pro-

duced by fungi (Davis et al., 2012). These are often the same vola-

tiles of interest to the bakery industry (Madden et al., 2018).

Additionally, yeasts associated with insects, particularly those that

have survived ingestion by insects, are particularly likely to be stress

tolerant (having survived the high redox conditions of the insect

gastrointestinal tract) (Dapporto et al., 2016). Such tolerance may

translate to greater osmolarity tolerance, a trait of interest in yeast

for sweet dough preparations (Hernandez-Lopez et al., 2003; Zhou

et al., 2021). Perhaps most important to baking, yeasts associated

with insects and the high-sugar environments they forage on often

have diverse carbohydrate metabolisms. Maltose fermentation, in

particular, is critical for yeast to leaven bread, yet it is a variable

trait among and within yeast species (even within S. cerevisiae, the

species commonly referred to as “baker's yeast” or “brewer's yeast”)
(Naumov et al., 1994). Despite the ancient relationship between

insects and yeasts, and the growing understanding that insects har-

bor yeasts which may be useful to various industries (Madden

et al., 2018; Nwaefuna et al., 2021; Zhou et al., 2021), relatively lit-

tle is understood about how these insights may be of use for

targeted yeast discovery.
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We have used our understanding of the ecological and evolu-

tionary relationships between yeasts and insects to target yeasts

that are particularly useful to the bakery industry. While insect-

associated yeasts might have many attributes relevant to this field,

we focus on two attributes that are straightforward to study,

known to be of interest to manufacturers and consumers, and vari-

able among yeast strains: dough leavening capability (including malt-

ose fermentation capability and the ability to rise dough) and

osmotolerance (both sucrose and sodium tolerance) (Bell

et al., 2001; Houghton-Larsen & Brandt, 2006; Naumov

et al., 1994; Naumova et al., 2013). More specifically, we character-

ize the ability of a library of insect-isolated Saccharomyces and non-

Saccharomyces yeasts to determine their utility as monoculture

(single strain) bread-leavening yeasts. We isolated 63 yeast strains

associated with 13 species of insects. We assessed a subset for

their ability relative to a commercial baking yeast strain to ferment

maltose, grow in the presence of varying concentrations of sucrose,

and increase dough rise (leaven bread). As strains related to a

domesticated S. cerevisiae may be particularly useful for future

hybridization studies to select for baking traits of interest, we fur-

ther compared insect-associated S. cerevisiae strains with the stan-

dard laboratory strain BY4743. As part of a genetics Course-Based

Undergraduate Research Experience (CURE), students at North Car-

olina State University compared the carbon substrate use,

osmotolerance, and temperature ranges of these strains, in addition

to comparing sequences of genes encoding the HOG1 signaling

pathway via whole genome sequencing.

2 | MATERIALS AND METHODS

2.1 | Arthropod collection and yeast isolation

We collected adult hymenoptera (ants, wasps, and bees) from a vari-

ety of locations and habitats within the eastern United States as part

of a parallel project involving the isolation and characterization of

insect yeasts for brewing (Madden et al., in prep; Svendsen, 2016).

Collection methods were taxon specific, using a combination of nets,

forceps, and aspirators, often when insects were observed foraging.

Specimens were collected into sterile tubes and, when possible, kept

chilled in coolers until they could be processed in the lab. Insects were

identified to species (or, in some cases, genus) using a combination of

keys and consultation with taxon-specific experts. In order to isolate

yeasts from the insects, we mechanically homogenized insects in ster-

ile 1-M NaCl, or deionized water, in a sterile tube before crushing

them using a sterile pipette tip or serological pipette depending on

size. Specimens were not surface sterilized prior to homogenization.

We plated dilutions of these homogenates on yeast peptone dextrose

agar (YPD), potato dextrose agar (PDA), or sabouraud dextrose agar

(SDA) and incubated the plates at �22–30�C for 3–5 days. Colonies

with Ascomycota yeast-like morphologies were subsequently isolated

for further strain identification. See Figure 1 for a full schematic of

our research approach.

2.2 | Yeast identification

To putatively identify yeast strains to species, we sequenced the

ITS1-5.8S-ITS2 region using the primers Pn3 (50-CCGTTGGTGAACCA

GCGGAGGGATC-30) and Pn34 (50-TTGCCGCTTCACTCGCCGTT-’3)
and compared them with those of reference sequences (Madden

et al., 2017; Viaud et al., 2000). DNA was extracted from each isolate

by adding a single colony to 10 μl of 0.02-M NaOH before heating

(via a thermocycler [BioRad T100™ Thermal Cycler]) at 100�C for

15 min, followed by a freeze–thaw cycle at �20�C in a freezer for 1 h.

This was followed by the addition of 90-μl nuclease-free water before

centrifuging at 15,000�g for 1 min (Beckman Coulter Microfuge®

20R). PCR cocktails included 1 μl of the uppermost supernatant of this

cell extract, 0.5-μl 1-mM Pn3 primer, 0.5-μl 1-mM Pn34 primer,

12.5-μl Taq2x master mix (New England Biolabs), and 10.5-μl

nuclease-free water. The PCR protocol was 95�C for 30 s, then

30 cycles of 95�C for 30 s, 56�C for 30 s, 68�C for 2 min 30 s, before

a final 5 min incubation at 68�C.

We cleaned the PCR products using the DNA Clean & Concentra-

tor Kit (Zymo Research) per the manufacturer's instructions. We sent

the successful amplicons to the Genomic Sciences Laboratory at

North Carolina State University for forward and reverse Sanger

sequencing using the amplification primers. The DNA Sequence

Assembler and Chromatogram Explorer Lite software from DNABaser

(Heracle BioSoft SRL) was used to trim sequences and to create con-

sensus contigs. Quality filtering parameters included retaining 70% of

base pairs in a 13-bp region that exceeded 30 QV, followed by manual

inspection. For strains with only successful forward or reverse

sequences, quality filtering and trimming were manually conducted.

Quality-filtered consensus contiguous sequences, or quality-filtered

single reads, were then compared with those in the NCBI database

using the BLAST algorithm to determine putative taxonomic identity

(Altschul et al., 1990). These sequences, and select reference

sequences (Table S1), were aligned using Clustal Omega (Madeira

et al., 2019), and a tree was built using PhyML 3.0 (Guindon

et al., 2010). The tree was visualized using the R package ggtree (Yu

et al., 2017).

For select strains that generated low-quality sequences, we per-

formed a second round of amplification and sequencing with modified

methods (as part of a parallel study). The methods and strains they are

in reference to are in Section S1.

2.3 | Maltose metabolism

We assessed maltose utilization and fermentation of isolated strains

using synthetic complete (SC) broth with 2% (w/v) maltose as the sole

carbon source, with Durham tubes to capture gas production

(Durham, 1898; Endoh et al., 2021). We did not attempt to distinguish

among different types of gases produced, although it is likely that

gases were dominated by carbon dioxide. For each strain, 5 ml of

broth was inoculated with 100 μl of turbid overnight culture. Samples

were incubated for 48 h at room temp before measuring turbidity
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(maltose utilization) and gas production (maltose fermentation; both

on a qualitative presence/absence scale). Assessments were per-

formed in triplicate. A strain of S. uvarum (S. uvarum yCSH342) unable

to ferment maltose was used as a negative control and a strain of

S. cerevisiae isolated from a commercially available preparation of

Fleischmann's dry active yeast (referenced throughout as strain

“F01”) was used as a positive control.

2.4 | Dough preparation and bread measurements

To produce yeast for bakery tests, we inoculated 200 ml of 2X YPD

broth with 5 ml overnight culture, incubating cultures at 30�C for 26–

30 h on a shaker set to 200 rpm. We then centrifuged the media and

cells at 2,500�g for 5 min. After decanting the media, we added 2.2 g

(wet weight) of the yeast pellet to 7.5 ml of double deionized water.

To prepare the dough, we used the King Arthur Flour recipe for

“No-Knead Crusty White Bread Dough” (Section S2) and reduced the

volume to 1/16 and further modified the instructions to include an

overnight fermentation/proof instead of the first 2-h ferment in the

instructions. Briefly, we combined 28.25-g Bleached All Purpose Flour

(Pillsbury), 28.25-g Whole Wheat Flour (King Arthur), 35-ml deionized

water, 1.10-g non-iodized salt, and 7.5-ml of the yeast–water mixture

(the 2.2 g of yeast cells). We stirred the dough for �20 s until mixed

before manually kneading it into a ball (this involved a few kneads to

combine ingredients), then covered it in a bowl and let it rest at room

temperature (�21�C) overnight (15–18 h). This overnight fermenta-

tion/proof step was selected because the aim of the study was to

determine if the environmental yeast strains could leaven dough to

the same extent, but not necessarily at the same rate, as a commercial

baking yeast strain. This step further reduced the amount of kneading

required. This was beneficial, as kneading can influence final loaf size.

The next morning, we punched down and kneaded the dough �5

times, formed them into balls and let them rise for 2 h at RT. We cut

the dough balls down to 70 g and rolled them gently in flour (Pillsbury

Bleached All Purpose Flour). We used a random number generator to

F IGURE 1 Schematic of the research conducted in this study. (a) Yeasts were isolated from hymenoptera without counterselection. (b) The
ITS1-5.8S-ITS2 region was amplified from each isolate and Sanger sequenced for putative strain taxonomy and for the construction of an
alignment and phylogenetic tree. (c) A subset of the isolated Saccharomyces cerevisiae strains were investigated for general carbohydrate
metabolism, galactose metabolism, sodium chloride, potassium chloride and temperature tolerance, and sequence comparisons of metabolic and
signaling pathways of interest as part of a course-based undergraduate research experience (CURE). (d) A subset of strains that could ferment
maltose were investigated for growth rates and maximum population sizes in dextrose (2%), sucrose (2% and 25%), and sodium chloride (0.5 M)
and their ability to leaven dough and make bread. Strain performance was compared with a laboratory and/or commercial baking strain of
S. cerevisiae in Sections “c” and “d.” Image created with BioRender.com [Colour figure can be viewed at wileyonlinelibrary.com]
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determine each dough ball's location on a muffin pan where each cup

was numbered 1–12. We baked the dough for 10 min at 232�C in a

half size countertop convection oven (Avantco CO-16 Half Size Coun-

tertop Convection Oven 117CO16 120). Positive and negative leav-

ening agent controls included commercial baking strain F01 and a

dough with no yeast added (respectively). Assays were performed in

triplicate.

To quantitatively compare yeast dough rising capability, we cut

each loaf of bread in half and photographed a 1-inch center slice and

the entire loaf against two metric rulers for height and length mea-

surements, as per Sairam et al. (2011). The area of each bread slice

was determined using ImageJ (Rueden et al., 2017). Differences in

height and area between slices produced by different strains were sta-

tistically compared using a Kruskal–Wallis test followed by pairwise

t tests with an fdr correction. Statistical analyses were performed in R

using the “stats” package (R Core Team, 2021).

2.5 | Comparative growth rates and osmotolerance
(sucrose) and halotolerance (sodium chloride)

We assessed comparative growth rates, osmotolerance, and hal-

otolerance of the maltose fermentation positive strains and a com-

mercial baking yeast (strain F01) using a BioTek Epoch2 plate reader.

Briefly, strains were grown in overnight cultures of SC broth and inoc-

ulated into 96 well plates containing the SC broth with dextrose (2%

w/v), sucrose (2% w/v, or 25% w/v), or sodium chloride (final concen-

tration 0.5 M, with 2% sucrose w/v). Cells were diluted and inoculated

to a final OD of <0.1 at a volume of 200 μl. Each strain was assayed

with at least three replicates in each condition. Plates were incubated

with dual orbital continuous shaking for 48 h at 25�C with reads every

15 min. Growth rates were calculated using the program Grow-

thcurver (Sprouffske & Wagner, 2016). All growth data were

corrected with blank wells containing only media using Growthcurver.

Fit of each growth curve to the model was assessed through the

parameter “sigma,” and outliers were discarded. Growth rates and

maximum population sizes were calculated for each technical replicate

and averaged. One-way analysis of variance (ANOVA) and post hoc

Tukey tests were run in R (R Core Team, 2021) with packages dplyr

(Wickham et al., 2021), FSA (Ogle et al., 2021), car (Fox et al., 2021),

and multcomp (Hothorn et al., 2021).

2.6 | Comparison of insect-associated maltose
fermentation negative S. cerevisiae with laboratory
strains

Strains closely related to the domesticated baker's yeast may be use-

ful for future hybridization experiments to select for baking traits of

interest, and for a greater understanding of their ecology, even in the

absence of their ability to ferment maltose. Therefore, for the envi-

ronmental S. cerevisiae strains we isolated from insects, we compared

select components of their physiology, metabolism, and genetic

pathways of interest with a domesticated lab strain of S. cerevisiae as

part of a Course-Based Undergraduate Research Experiences (CURE),

which engages students in original research. Additional methods,

results, and interpretation of these findings can be found in Box 1 in

Section 3.

3 | RESULTS

3.1 | Isolation and identification of insect-
associated yeast strains

We successfully isolated 63 yeast strains from 13 species of hyme-

noptera including wasps (both social and solitary), ants, and bees

(Table 1). We sequenced the ITS1-5.8S-ITS2 region for species identi-

fication, which revealed that these 63 yeast isolates represented

37 unique species from 14 genera (Figure 2). While most were our

target Saccharomycetes yeasts, four were from the morphologically

similar, but phylogenetically divergent, Basidiomycota phylum. Nearly

half of all strains belong to the genera Candida (19%), Lachancea

(17%), andMetschnikowia (16%). The next most abundant genera, with

regard to the number of unique strains represented in our library,

were Hanseniaspora (13%) and Starmerella (6%), with the remainder

belonging to Clavinspora (5%), Pichia (5%), Saccharomyces (5%), Sar-

ocladium (5%), Papiliotrema (3%), Wickerhamiella (2%), Yarrowia (2%),

and Cryptococcus (2%). These results are in line with expectations

based on a recent review by Stefanini (2018) and data available in the

YeastFinder database (Meriggi et al., 2020) in which many of the same

genera and species were found to be commonly associated with the

higher insect taxa we considered.

It is less challenging for a yeast strain to be considered for com-

mercial manufacturing for baking in the United States or EU if the

strain meets the criteria to be “generally recognized as food safe”
(GRAS) by the United States Food and Drug Administration

(Bourdichon et al., 2012), or certified as a Novel Food by the EU

(European Commission, n.d.). GRAS species from our strain collection

include species of Hanseniaspora uvarum, H. opuntiae, H. vineae, and

S. cerevisiae (L�opez et al., 2014; United States Food and Drug

Administration, n.d.). Species that are not officially GRAS, nor certified

as Novel Foods by the EU, but are still used frequently in fermented

foods and beverages include L. thermotolerans, L. fermentati,

Metschnikowia pulcherrima, Pichia kluyveri, and Starmerella bacillaris

(Bellut et al., 2020; Masneuf-Pomarede et al., 2016; Maturano

et al., 2015).

3.2 | A subset of yeast strains can ferment maltose

Strains involved in leavening bread must be able to replicate and pro-

duce gas (e.g., CO2) using maltose as a substrate, as it is one of the

most abundant sugars found in many bread doughs (Bailey, 1935).

The ability to ferment maltose differs among strains, species, and gen-

era of yeasts (Bell et al., 2001; Bigey et al., 2021; Houghton-Larsen &
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TABLE 1 Yeasts isolated from insects

Strain ID Source
Source location (All
states in the USA)

Nearest species
match

Number of

nucleotides in
sequence

Percent
match

Percent
cover

Date of

sequence
comparison

CPD-14-1 Polistes exclamans Boone, NC Candida akabanensis 431 81.94 100 4/30/20

CPD-01-1 Polistes dominula

(formerly

P. dominulus)

Everett, MA Candida cellae 261 91.67 100 3/27/20

WSF13B Polistes metricus Timberlake, NC Candida corydali 451 100 100 3/26/20

WSF14D Polistes metricus Timberlake, NC Candida corydali 501 99.8 100 3/26/20

BV02D Polistes carolina or

perplexus

Saxapahaw, NC Candida

duobushaemulonii

381 99.21 99 3/31/20

CPD-28-2 Vespula vulgaris Falmouth, ME Candida linzhiensis or

Candida

sequanensis

391 98.47 100 3/26/20

CPD-13-1 Polistes exclamans Boone, NC Candida melibiosica 419 93.35 100 4/30/20

CPD-35-1 Polistes dominula

(Formerly P.

dominulus)

Falmouth, ME Candida multigemmis 571 97.55 100 3/31/2020

MSG13B Polistes metricus Hillsborough, NC Candida quercitrusa 561 100 100 3/31/20

CPD-27-2 Vespula vulgaris Falmouth, ME Candida railenensis 511 100 100 3/27/20

POME2B Polistes sp. Piedmont county,

NC

Candida sp. 291 97.95 99 3/31/20

CPD-40-1 Xylocopa sp. Medford, MA Candida tilneyi 211 97.16 100 3/27/20

VEMA1B2 Vespula maculifrons Raleigh, NC Clavispora lusitaniae 291 100 100 3/27/20

VS64A Polistes dorsalis Sebring, FL Clavispora lusitaniae 311 99.68 100 3/31/20

VS96A Polistes metricus Duette, FL Cryptococcus laurentii 510 99.61 100 4/30/20

HF01D Polistes sp. Durham, NC Hanseniaspora

opuntiae

669 100 100 4/30/20

BV01D Polistes metricus Saxapahaw, NC Hanseniaspora

uvarum

674 100 99 4/30/20

WSF11D Polistes fuscatus Timberlake, NC Hanseniaspora

uvarum

674 100 100 4/30/20

WSF11A Polistes fuscatus Timberlake, NC Hanseniaspora

uvarum

650 100 100 4/30/20

WSF11F Polistes fuscatus Timberlake, NC Hanseniaspora

uvarum

587 100 100 4/30/20

WSF14A Polistes metricus Timberlake, NC Hanseniaspora

uvarum

732 99.32 99 7/26/21

WSF11B Polistes fuscatus Timberlake, NC Hanseniaspora

uvarum

511 99.61 100 3/31/20

VS93D Polistes annularis Duette, FL Hanseniaspora vineae 511 99.8 99 3/31/20

VS93A Polistes annularis Duette, FL Lachancea fermentati 471 100 100 3/26/20

VS92A Polistes metricus Duette, FL Lachancea fermentati 672 99.85 100 4/30/20

CPD-28-3 Vespula vulgaris Falmouth, ME Lachancea

thermotolerans

621 97.26 100 3/31/20

CPD-10-1 Polistes dominula

(formerly

P. dominulus)

Cumberland, ME Lachancea

thermotolerans

651 99.85 100 4/30/20

CPD-12-1 Polistes exclamans Boone, NC Lachancea

thermotolerans

635 99.84 100 4/30/20

CPD-05-1 Polistes dominula

(formerly

P. dominulus)

Cumberland, ME Lachancea

thermotolerans

611 99.84 100 3/31/20

(Continues)
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TABLE 1 (Continued)

Strain ID Source
Source location (All
states in the USA)

Nearest species
match

Number of

nucleotides in
sequence

Percent
match

Percent
cover

Date of

sequence
comparison

CPD-04-1 Polistes dominula

(formerly

P. dominulus)

Cumberland, ME Lachancea

thermotolerans

602 100 100 4/30/20

CPD-09-1 Polistes dominula

(formerly

P. dominulus)

Cumberland, ME Lachancea

thermotolerans

628 99.84 100 4/30/20

CPD-27-1 Vespula vulgaris Falmouth, ME Lachancea

thermotolerans

636 99.53 100 3/27/20

CPD-06-1 Polistes dominula

(formerly

P. dominulus)

Cumberland, ME Lachancea

thermotolerans

645 99.69 100 4/30/20

YB19 Vespula sp. Lincoln, MA Metschnikowia

bicuspidata

351 98.29 100 3/31/20

YB09 Polistes dominula

(formerly

P. dominulus)

N/A Metschnikowia

chrysoperlae

351 99.43 100 3/31/20

CPD-28-1 Vespula vulgaris Falmouth, ME Metschnikowia

chrysoperlae

311 86.77 99 3/26/20

CPD-40-3 Xylocopa sp. Medford, MA Metschnikowia

koreensis

281 99.64 100 3/27/20

YB15 Vespula sp. Lincoln, MA Metschnikowia

kunwiensis

380 96.05 100 4/30/20

CPD-37-1 Lasioglossum sp. Somerville, MA Metschnikowia

reukaufii

271 100 100 3/27/20

CPD-14-2 Polistes exclamans Boone, NC Metschnikowia sp 434 97 99 4/30/20

YB11 Polistes dominula

(formerly

P. dominulus)

N/A Metschnikowia sp. 361 98.61 99 3/31/20

CPD-37-2 Lasioglossum sp. Somerville, MA Metschnikowia

vanudenii or

reukaufii

348 99.15 100 4/30/20

VS64D Polistes dorsalis Sebring, FL Clavispora lusitaniae 345 98.84 100 7/15/21

VS146A Polistes dorsalis Sorrento, FL Pseudozyma

(Moesziomyces)

aphidis

812 99.22 94 7/15/21

CPD-37-3 Lasioglossum sp. Somerville, MA Metschnikowia

reukaufii

296 100 100 7/15/21

YB16 Vespula sp. Lincoln, MA Lachancea

thermotolerans

660 99.70 99 7/15/21

CPD-34-1 Polistes dominula

(Formerly P.

dominulus)

Falmouth, ME Papiliotrema laurentii 471 100 100 3/26/20

VS112A Chalybion

califronicum

Ft. Pierce, FL Papiliotrema

pseudoalba

241 99.59 100 3/26/20

WSF11E Polistes fuscatus Timberlake, NC Pichia kluyveri 424 99.06 100 4/30/20

HF01E Polistes sp. Durham, NC Pichia terricola 406 99.02 100 4/30/20

VS93C Polistes annularis Duette, FL Pichia trehalophila 693 99.43 100 4/30/20

VS189A Polistes exclamans Apopka, FL Saccharomyces

cerevisiae

421 91.94a 100 3/31/20

VS195D Polistes metricus Clermont, FL Saccharomyces

cerevisiae

521 100 100 3/31/20
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Brandt, 2006; Lahue et al., 2020; Naumova et al., 2013). Some com-

mercial baking strains have a faster maltose fermentation rate than do

non-bakery strains (Bell et al., 2001), with recent evidence suggesting

that this may be in part due to the increased copy number of maltase

and isomaltase genes due to selection imposed by bakers on certain

strains (Bigey et al., 2021). We tested the insect-associated strains in

triplicate for the ability to ferment maltose using a static culture of SC

broth with maltose and Durham tubes. This method provides a quali-

tative measurement of gas (carbon dioxide) production (an endpoint

of carbohydrate fermentation). Sixty-two strains were capable of

growing in media with maltose as the sole carbon source out of

63 strains in total, with 13 strains out of the 63 capable of fermenting

maltose and producing discernable amounts of carbon dioxide under

the conditions tested (and hence are more likely to be capable of leav-

ening) (Table 2). The only one of our strains that did not grow in the

maltose broth under the conditions tested was VS146A, a strain of

Pseudozyma aphidis originally isolated from the social wasp Polistes

dorsalis. We selected the 13 strains positive for maltose fermentation

for subsequent baking experiments. These yeasts represent strains of

the species L. fermentati (2), L. thermotolerans (8), P. terricola (1), Can-

dida quercitrusa (1), and C. tilneyi (1). Notably, the three insect-

associated S. cerevisiae strains were maltose fermentation negative,

and thus were not included in baking experiments (but see Box 1 for

further experiments with these strains).

3.3 | Insect-associated yeasts produce loaves
similar to a commercial baking strain

We baked mini bread loaves to determine the leavening ability of the

13 maltose fermentation positive strains. Each strain was inoculated

in triplicate in a mixture of flour and water, kneaded, and left to rise

(see Section 2). The S. cerevisiae commercial baking strain, F01, was

used as a positive control, and dough with no yeast added was used

as a negative control. Muffin-sized loaves were made to test if strains

had the gassing power to lift 70 g of dough. After baking, we cut a

�1-inch slice from the center of each loaf and determined the height

and area using ImageJ (Rueden et al., 2017) (Figure 3; Table S2). All

strains produced loaves of similar height (pairwise t test with fdr cor-

rection p > 0.05) and area (pairwise t test with fdr correction p > 0.05)

to that of the commercial baking yeast, F01, and all strains produced

loaves with a height significantly greater than the no-yeast added con-

trol (pairwise t test with fdr correction p < 0.05). While our methods

did not include additional rheology or sensory testing, observationally,

we noted repeatable and appreciable differences in the breads baked

by different strains. For example, YB16 (a strain of L. thermotolerans)

made a noticeably crunchier crust, CPD-06-1 (L. thermotolerans) made

a denser loaf, and MSG13B (C. quercitrusa) had a distinct crumb struc-

ture with small, but numerous, air pockets. The unbaked dough of

HF01E (P. terricola) had a unique, strong odor that was somewhat sub-

jectively pleasant when unbaked and a buttery odor with slightly

unpleasant notes when baked.

3.4 | Many strains exhibit greater osmotolerance
compared to commercial yeast

Yeasts used in baking encounter osmotic stress due to changing mois-

ture content in dough fermentation and processing (Lahue

et al., 2020; Randez-Gil et al., 2013; Zhou et al., 2021). To examine

osmotolerance of our 13 candidate baking strains (see previous sec-

tion), we performed a series of growth assays with two carbon

TABLE 1 (Continued)

Strain ID Source
Source location (All
states in the USA)

Nearest species
match

Number of

nucleotides in
sequence

Percent
match

Percent
cover

Date of

sequence
comparison

M1D Polistes fuscatus Raleigh, NC Saccharomyces

cerevisiae

531 99.81 100 3/31/20

VS115A Polistes dorsalis Ft. Pierce, FL Sarocladium strictum 381 100 100 3/26/20

CB17A Vespula maculifrons Raleigh, NC Sarocladium strictum 597 99.5 100 4/30/20

VS195A Polistes sp. Clermont, FL Sarocladium strictum 400 100 100 3/26/20

HF01C Polistes sp. Durham, NC Starmerella bacillaris 441 99.77 99 3/27/20

CPD-37-4 Lasioglossum sp. Somerville, MA Starmerella bombicola 451 100 99 3/27/20

CPD-36-1 Camponotus sp. Somerville, MA Starmerella bombicola 439 100 100 4/30/20

WSF12A Polistes fuscatus Timerlake, NC Starmerella

khaoyaiensis

451 90.02 99 3/26/20

BV04B Polistes fuscatus Saxapahaw, NC Wickerhamiella

azymoides

410 98.28 99 4/30/20

POEX2D1 Polistes exclamans Raleigh, NC Yarrowia galli 281 98.93 100 3/31/20

Note. The source insect species and location of collection are presented, as well as the putative yeast taxonomic identity based on ITS1-5.8 rRNA-ITS2

sequencing and comparison with reference sequences in the NCBI GenBank repository as determined by the BLAST nucleotide algorithm.
aDespite the low sequence similarity with S. cerevisiae, additional whole genome sequence comparisons of this strain suggest it is a strain of S. cerevisiae

rather than a hybrid (data not shown).
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F IGURE 2 ITS1-5.8S-ITS2 sequence region phylogeny of insect-associated yeast strains. A maximum likelihood phylogeny based on
ITS1-5.8S-ITS2 region DNA sequences from the 63 insect-associated yeast strains. Representative sequences from type cultures and strains from
established culture collections (sequences downloaded from GenBank) are provided for reference (see Table S1 for the full list of strains and
sequences used). Species names colored in red indicate type strains, or sequences from strains in available culture collections; strains colored in
blue indicate strains used in baking analyses. Genetic distance scale is provided in the upper left of the plot. See Table 1 for species identification
and isolation sources [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Maltose assimilation and fermentation capability of insect-associated yeast strains as assessed by growth in SC broth with maltose
as the sole carbon source

Strain ID Name Source Maltose assimilation Maltose fermentation

CPD-14-1 Candida akabanensis Polistes exclamans + �
CPD-01-1 Candida sp. Polistes dominula (formerly P. dominulus) + �
WSF13B Candida corydali (corydalis) Polistes metricus + �
WSF14D Candida corydali (corydalis) Polistes metricus + �
BV02D Candida duobushaemulonii Polistes carolina (or perplexus) + �
CPD-28-2 Candida linzhiensis or C. sequanensis Vespula vulgaris + �
CPD-13-1 Candida melibiosica Polistes exclamans + �
CPD-35-1 Candida multigemmis Polistes dominula (formerly P. dominulus) + �
MSG13B Candida quercitrusa Polistes metricus + +

CPD-27-2 Candida railenensis Vespula vulgaris + �
POME2B Candida sp. Polistes sp. + �
CPD-40-1 Candida tilneyi Xylocopa sp. + +

VEMA1B2 Clavispora lusitaniae Vespula maculifrons + �
VS64A Clavispora lusitaniae Polistes dorsalis + �
VS96A Cryptococcus laurentii Polistes metricus + �
HF01D Hanseniaspora opuntiae Polistes sp. + �
BV01D Hanseniaspora uvarum Polistes metricus + �
WSF11D Hanseniaspora uvarum Polistes fuscatus + �
WSF11A Hanseniaspora uvarum Polistes fuscatus + �
WSF11F Hanseniaspora uvarum Polistes fuscatus + �
WSF14A Hanseniaspora uvarum Polistes metricus + �
WSF11B Hanseniaspora uvarum Polistes fuscatus + �
VS93D Hanseniaspora vineae Polistes annularis + �
VS93A Lachancea fermentati Polistes annularis + +

VS92A Lachancea fermentati Polistes metricus + +

CPD-28-3 Lachancea thermotolerans Vespula vulgaris + �
CPD-10-1 Lachancea thermotolerans Polistes dominula (formerly P. dominulus) + +

CPD-12-1 Lachancea thermotolerans Polistes exclamans + +

CPD-05-1 Lachancea thermotolerans Polistes dominula (formerly P. dominulus) + +

CPD-04-1 Lachancea thermotolerans Polistes dominula (formerly P. dominulus) + +

CPD-09-1 Lachancea thermotolerans Polistes dominula (formerly P. dominulus) + +

CPD-27-1 Lachancea thermotolerans Vespula vulgaris + +

CPD-06-1 Lachancea thermotolerans Polistes dominula (formerly P. dominulus) + +

YB19 Metschnikowia bicuspidata Vespula sp. + �
YB09 Metschnikowia chrysoperlae Polistes dominula (formerly P. dominulus) + �
CPD-28-1 Metschnikowia chrysoperlae Vespula vulgaris + �
CPD-40-3 Metschnikowia koreensis Xylocopa sp. + �
YB15 Metschnikowia kunwiensis Vespula sp. + �
CPD-37-1 Metschnikowia reukaufii Lasioglossum sp. + �
CPD-14-2 Metschnikowia sp. Polistes exclamans + �
YB11 Metschnikowia sp. Polistes dominula (formerly P. dominulus) + �
CPD-37-2 Metschnikowia vanudenii or M. reukaufii Lasioglossum sp. + �
VS64D Clavispora lusitaniae Polistes dorsalis + �
VS146A Pseudozyma (Moesziomyces) aphidis Polistes dorsalis � �
CPD-37-3 Metschnikowia reukaufii Lasioglossum sp. + �
YB16 Lachancea thermotolerans Vespula sp. + +

(Continues)
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sources at varying concentrations (Figures 4 and S1, Table S3). The

2% glucose growth assay is a standard growth medium for domesti-

cated lab yeasts and provides a baseline for comparisons. The 2%

sucrose represents a baseline comparison for sucrose utilization

(which is slightly more concentrated than found in comparative stud-

ies (Akyüz & Mazı, 2020), while 25% sucrose represents the concen-

tration of sucrose in “sweet doughs,” a type of dough used for the

production of certain baking products (Bell et al., 2001). We examined

two metrics of growth based on measurements of optical density

(OD) over time: growth rate, which measures the maximum growth

rate of a strain in exponential growth; and the maximum population

size, sometimes referred to as the carrying capacity, for a strain in a

particular environment (Sprouffske & Wagner, 2016). Under typical

lab conditions (i.e., 2% glucose w/v), there was significant variation in

the average growth rate among strains (one-way ANOVA, F13,11.33

= 637.06, p < 0.0001), and in the average maximum population size

between strains (one-way ANOVA, F13,11.30 = 1606.2, p < 0.0001).

This variation was also reflected in 2% sucrose (w/v) growth assays,

where there was significant heterogeneity in average growth rate

(one-way ANOVA, F11,10.65 = 12.38, p = 0.0001) and average maxi-

mum population size (one-way ANOVA, F11, 10.57 = 461.79,

p < 0.0001). All strains tested grew in sucrose as well as glucose

(suggesting they produced invertase), with the exception of HF01E

(a strain of P. terricola), which only grew in glucose (Figure S1).

Strains differed in their ability to grow under high sugar condi-

tions (25% sucrose, one-way ANOVA, F12,13.89 = 6.71, p = 0.0006),

with the strain C. tilneyi CPD-40-1 exhibiting a higher growth rate

than the commercial baking strain F01 (Tukey–Kramer test, p < 0.05)

(Figure 4). The remaining strains tested all displayed growth rates simi-

lar to that of F01 under the high sucrose condition (Tukey–Kramer

test, p > 0.05). However, while the growth rate in high sugar between

strains was similar, the maximum population size was significantly dif-

ferent between strains (one-way ANOVA, F12,14.15 = 614.14,

p < 0.0001). Indeed, all strains achieved a higher maximum population

size in high sugar compared to F01 (Tukey–Kramer, p < 0.05), except

for HF01E (a strain of P. terricola) and MSG13B (a strain of

C. quercitrusa). Together, these data suggest that many insect-

associated strains have a higher degree of osmotolerance compared

to the commercial baking strain, S. cerevisiae F01.

To identify the extent to which strains tolerated salt, we per-

formed growth assays with 2% sucrose and 0.5-M NaCl (Figure 4).

The salt growth assay not only establishes the halotolerance of a

strain, a useful trait in baking yeast, but also serves as a proxy for the

ability of a yeast to tolerate various stresses as part of the yeast

manufacturing and drying processes (Zhou et al., 2021). Given these

varied conditions, strains significantly differed in their growth rates

(one-way ANOVA, F13,12.65 = 42.69, p < 0.0001) and in their maxi-

mum population sizes (one-way ANOVA, F13,12.75 = 25.61,

p < 0.0001). Strains CPD-05-1, CPD-06-1, CPD-10-1, and CPD-09-1

(all strains of L. thermotolerans) exhibited higher growth rates than did

F01 in 0.5-M NaCl, while CPD-40-1 (C. tilneyi) grew significantly

slower (Tukey–Kramer, p < 0.05). Interestingly, CPD-40-1 was also

TABLE 2 (Continued)

Strain ID Name Source Maltose assimilation Maltose fermentation

CPD-34-1 Papiliotrema laurentii Polistes dominula (formerly P. dominulus) + �
VS112A Papiliotrema pseudoalba Chalybion califronicum + �
WSF11E Pichia kluyveri Polistes fuscatus + �
HF01E Pichia terricola Polistes sp. + +

VS93C Pichia trehalophila Polistes annularis + �
VS189A Saccharomyces cerevisiae Polistes exclamans + �
VS195D Saccharomyces cerevisiae Polistes metricus + �
M1D Saccharomyces cerevisiae Polistes fuscatus + �
F01 Saccharomyces cerevisiae Commercial (+) + +

yCSH342 Saccharomyces uvarum Lab strain (�) � �
VS115A Sarocladium strictum Polistes dorsalis + �
CB17A Sarocladium strictum Vespula maculifrons + �
VS195A Sarocladium strictum Polistes sp. + �
HF01C Starmerella bacillaris Polistes sp. + �
CPD-37-4 Starmerella bombicola Lasioglossum sp. + �
CPD-36-1 Starmerella bombicola Camponotus sp. + �
WSF12A Starmerella khaoyaiensis Polistes fuscatus + �
BV04B Wickerhamiella azymoides Polistes fuscatus + �
POEX2D1 Yarrowia galli Polistes exclamans + �

Note. Assimilation was assessed as visible turbidity in the broth and fermentation (carbon dioxide production) was assessed by gas capture in Durham

tubes (n = 3).
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BOX 1 In addition to the core work described in

this paper on the use of insect-associated yeasts in

bread making, we also undertook a novel

partnership through which we worked with

undergraduate students to consider several of the

insect-associated yeast strains in depth. So as to

complement the rest of our research program, we

focused here on yeasts that we did not study in

depth elsewhere, insect-associated strains of the

yeast Saccharomyces cerevisiae.

As part of a Course-Based Undergraduate Research Experi-

ence (CURE), students enrolled in GN 312 (Elementary

Genetics Laboratory) at North Carolina State University fur-

ther characterized the three insect-associated S. cerevisiae

strains (VS189A, VS195D, and M_1_D [M1D]). Led by their

instructors, CL Gordy and JL Little, 672 undergraduates con-

tributed to this project between Fall 2017 and Spring 2020

(for a full list of contributors, see Table S4). Throughout the

span of this CURE, the overarching research question

remained “Under what conditions do environmental yeasts

have higher fitness than do lab yeasts?” with fitness defined

here as the ability of a strain to grow faster and/or to a

greater population size. Each semester, students focused on

a different aspect of the biology of these yeast strains (abil-

ity to metabolize varied carbon sources (Figure S2), ability to

grow at non-optimal temperatures (Figure S3), and ability to

withstand osmotic stress (Figures S4 and S5). In addition to

performing phenotypic analyses to compare the growth of

environmental and lab strains, students analyzed whole

genome sequences to search for potential genetic explana-

tions for the phenotypic differences observed (Figure S5). In

early semesters of this CURE, students amplified the HOG1

signaling pathway genes of interest using Sanger sequencing

for analyses; however, the data presented in this study are

from later semesters where students analyzed results from

whole genome sequencing. While these genomic analyses

have not yet revealed explanations for phenotypic differ-

ences, they have opened numerous avenues for ongoing

undergraduate research projects.

The findings of the Student Yeast Cooperative are sum-

marized below. The full dataset is available in the Data S1,

with additional methods provided in Sections S3–S6.

Environmental yeasts have more diverse metabolic

capabilities than does a lab yeast.

Initial comparisons of environmental and lab yeasts

were performed using Biolog YT MicroPlates, which are

used to assay growth in a variety of carbon sources. These

experiments showed that while growth in glucose-

containing liquid culture was similar between an environ-

mental and lab yeast, the environmental yeast outperformed

the lab yeast on five of the carbon sources tested: galactose,

raffinose, turanose, methyl-D-glucoside, and melibiose

(alone, and in combination with xylose). The lab yeast out-

performed the environmental yeast on only one carbon

source: palatinose (Box Figures 1 and S2).

Box Figure 1. Environmental S. cerevisiae strain utilizes a
wider range of carbon sources than lab strain. VS189A
(environmental) and BY4743 (lab) yeasts were grown in five
replicate Biolog YT plates at 30�C, and OD600

measurements were taken after 16, 40, 64, and 88 h of
incubation. After subtracting background by subtracting the
OD600 reading of well D1 (water) from the OD600 reading of
each well at each time point, growth of the two strains on
each carbon source was compared by performing a two-
way ANOVA with Šídák's multiple comparisons test at each
time point. Shown here are the differences between the
mean OD600 of lab strain samples and environmental strain
samples at 40 h. Differences greater than 0 indicate a
carbon source in which the lab strain grew faster than the
environmental strain, and differences less than 0 indicate a
carbon source in which the environmental strain grew faster
than the domesticated strain. Error bars indicate 95%

confidence interval. Red indicates carbon sources for which
the strains differed in growth at any time point. Graphs of
additional time points and full results of ANOVAs are
available in Figure S2

These results were used to select a carbon source for

further study in the GN 312 CURE. For this course, the ideal

carbon source for study was one that allowed measurable

growth of both environmental and lab yeasts, yet supported

markedly different growth rates. For this reason, we

selected galactose. GN 312 students performed spot plate

analyses of the lab strain and insect-associated environmen-

tal strains using standard YPD plates and YP plates in which

glucose was replaced with galactose. The results of these

experiments supported the findings of the initial Biolog

assay: environmental S. cerevisiae produced larger colonies

than did the lab strain (Figure S2).
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the only strain significantly different from F01 in maximum population

size, reaching a maximum population size significantly higher than that

of F01. However, caution should be used when interpreting this find-

ing as there was higher than expected variation among technical repli-

cates for this strain in this assay.

4 | DISCUSSION

Although traditional sourdough starters can rely on many different

species of yeasts for leavening (Huys et al., 2013; Landis et al., 2021),

commercial baking relies nearly exclusively on relatively few strains of

a single species of yeast, S. cerevisiae (Zhou et al., 2021). This is the

case despite the desire of bakers for novel baking features, some of

which may be made possible by different yeast strains and species. It

has been argued, that non-Saccharomyces yeasts might be unable to

leaven breads at a competitive scale or rate, may be unsuitable for

current manufacturing practices, unlikely to pass regulatory hurdles,

or even unsafe (Aslankoohi et al., 2016; Donalies et al., 2008; Randez-

Gil et al., 2013; Steensels et al., 2014; Zhou et al., 2021). It seems

probable that the more likely explanation, however, for the reliance

on a single species of yeast relates to the promotion of that yeast spe-

cies during the industrialization of bread production (Lahue

et al., 2020). Indeed, our research contributes to a growing body of lit-

erature that diverse environmental yeasts do have the biological capa-

bility to make bread and also have many features required for use in

settings in which large-scale production is the goal (Aslankoohi

et al., 2016; Hahn & Kawai, 1990; Hernandez-Lopez et al., 2003; Hino

et al., 1987; Zhou et al., 2017, 2021). Furthermore, our research sug-

gests certain habitats may be particularly fruitful as sources for the

discovery of such yeasts. Species of sugar-seeking hymenoptera, such

as bees, wasps and ants, represent one set of such habitats.

4.1 | Insect-associated non-Saccharomyces yeasts
with relevant metabolisms for bread making and
manufacturing

We isolated 63 strains of yeasts representing 37 species and 14 gen-

era from wasps, bees, and an ant. Many of these strains came from

species that have been isolated from insects and nectar in the past

(Stefanini, 2018), with some having already been hypothesized to be

of interest for enhanced baking properties (Aslankoohi et al., 2016;

Zhou et al., 2021). Our library was dominated by strains of Han-

seniaspora, Lachancea, andMetschnikowia, associated with wasps (fam-

ily: Vespidae). To some extent, the dominance of vespid-associated

yeasts may reflect our sampling methods (which were opportunistic

and non-quantitative). However, it is also possible that the dominance

of vespid-associated yeasts and the relative ease of isolating yeasts

from vespids without counter-selection methods reflect the details of

the natural histories that underlie the relationships between vespids

and yeasts (Madden et al., 2017, 2018; Stefanini, 2018).

Environmental yeasts outperform a lab yeast at both

high and low temperatures.

GN 312 students next explored the ability of the envi-

ronmental and lab yeast strains to survive temperatures out-

side of the range in which S. cerevisiae is normally cultured

in the lab. A priori it was hypothesized that due to selection

for growth under laboratory conditions the lab S. cerevisiae

strain might have a reduced tolerance to temperature

extremes in comparison to the environmental strains due to

selection pressures for fast growth at a specific temperature

(in keeping with the general findings, Gallone et al., 2016). In

line with this hypothesis, at all temperatures tested (12�C–

37�C), all three environmental strains produced larger colo-

nies on standard YPD plates than did the lab strain

(Figure S3).

Environmental yeasts can withstand KCl-induced

osmotic stress better than the lab yeast, but the lab yeast

can better withstand NaCl-induced osmotic stress.

Finally, GN 312 students tested the osmotolerance of

environmental and lab yeast strains. Interestingly, and in

contrast to findings for the non-Saccharomyces environmen-

tal yeast strains considered in this paper (see Figure 4), the

environmental S. cerevisiae yeast strains were tolerant of

some but not other osmotic stressors. The experiments

using KCl as the osmotic stressor produced a similar trend

to that observed in the carbon source and temperature

experiments: All three environmental strains produced

larger colonies than the lab strain across a gradient of KCl

concentrations. However, experiments with the baking-

relevant NaCl concentration as the osmotic stressor pro-

duced the opposite result: All three environmental strains

produced smaller colonies. Furthermore, growth on NaCl-

supplemented medium was the only condition that resulted

in a noticeable difference among the environmental strains:

Strain M_1_D produced visible colonies in the presence of

0.4-M NaCl, while VS189A and VS195D failed to grow in

the presence of any NaCl concentrations tested (Figure S4).

Sequence analysis of genes involved in osmotic stress

responses (e.g., the HOG1 pathway) showed a high degree

of conservation across all of the strains (Figure S5). Conser-

vation among the environmental strains was higher than

that between the wild and lab strains. For all genes exam-

ined, VS189A and VS195D exhibited 100% amino acid iden-

tity. M_1_D exhibited 100% amino acid identity with

VS189A and VS195D for Hog1p and Ste50p, but differed

from these strains for Pbs2p, Ste20p, and Ssk1p (Figure S5).

Future students in this course will be able to use these

whole genome sequences to study the conservation of

genes involved in other phenotypes of interest, such as utili-

zation of non-glucose carbon sources.

120 MADDEN ET AL.



Of the yeast strains we isolated, a subset of strains dominated by

Lachancea species were able to ferment maltose and produce CO2.

The ecology of maltose fermentation remains somewhat mysterious

as few ecological habitats beyond fermenting grains are maltose-rich

(although maltose has been found in the nectar of various plant spe-

cies, Wykes, 1951). In the past, the inability of environmental

S. cerevisiae strains to ferment maltose as robustly as domesticated

strains has been used as evidence to support the hypothesis that this

trait has been actively selected for by brewers and bakers (Bell

et al., 2001). Yet, while the S. cerevisiae strains we isolated did not fer-

ment maltose, many of the strains of other genera, particularly strains

of the genus Lachancea, did.

Maltose fermentation is a metabolic requirement for a strain to

be considered for use in monoculture leavening of bread; however, it

is far from the only trait required of yeast for bread production. Traits

such as thermal, osmotic, salinity, and oxidative stress tolerance, abil-

ity to survive air-drying, freezing, and thawing and ethanol tolerance

are also relevant, if not required, for yeast to carry out the complex

metabolisms required to leaven dough and produce bread (Randez-Gil

et al., 2013; Zhou et al., 2021). Despite this, the relatively simple and

inexpensive test we used of maltose fermentation capability corre-

lated perfectly with those strains that were further capable of

leavening dough and producing baked bread. The bread loaves pro-

duced by these non-Saccharomyces strains were essentially invariant

in height and area relative to those produced by the commercial yeast.

This is particularly surprising for the strain of C. tilneyi, an insect-

associated maltose utilization positive species with no history of use

in fermented foods (Lachance et al., 2001).

In addition to maltose fermentation capability, stress-tolerance

traits are also important yeast attributes in baking, particularly when

working with doughs with higher sugar (sucrose) content, such as

sweet doughs. It is established that commercial yeast strains, selected

for baking traits, are challenged by such conditions (Bell et al., 2001),

so our findings that most of our tested strains achieved a similar or

superior growth rate and population size in halotolerance and high

sugar assays to a commercial yeast are somewhat surprising (though

observed in select non-Saccharomyces strains, as noted by

Hernandez-Lopez et al., 2003; Zhou et al., 2017). Notably, every

Lachancea strain we tested exhibited a significantly greater population

size in high sugar conditions than did the commercial baking strain.

While we initially selected a baking-relevant, but nonetheless longer,

overnight proofing time to assess dough rise capability, these growth

rate results suggest many of these environmental strains may addi-

tionally be competitive in terms of dough leavening rate, not just

F IGURE 3 Analysis of area and height of loaf slices. (a) Boxplot of the area in cm2 of a single cross section of bread for each yeast strain. The
letters beside each boxplot indicate the treatments that were significantly different based on pairwise t test at p < 0.05 after fdr correction.
(b) Boxplot of the height of a single cross section of bread for each yeast strain. (c) Analysis of area of the controls vs novel isolates (grouped).
(d) Representative photographs of bread loafs and slices from dough made with a haphazard selection of three strains from this study
representing three genera of yeast (Pichia sp. HF01E, Candida sp. CPD-40-1, and Lachancea sp. CPD-06-1), a commercial baking strain, F01
(positive control), and no yeast (negative control) [Colour figure can be viewed at wileyonlinelibrary.com]
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dough rise. More generally, these growth traits may reflect the ecol-

ogy of these strains. Hymenoptera, such as the wasps we isolated

these yeasts from, forage on nectar and other sugar sources, which

are habitats that select for yeast genotypes and strains with greater

osmotolerance (Pozo et al., 2012). In addition, the gastrointestinal

tracts of insects may also select for stress-tolerant genotypes, and it is

likely that some of the yeast strains we isolated are often ingested by

the insects in which they were found (Dapporto et al., 2016).

Strains from non-conventional (and thus underexplored) yeast

genera likely present a greater opportunity to find additional, novel

traits of interest to bakers than do strains of Saccharomyces. This is

likely to be true because phylogenetic distance between species and

the differences in their traits tend to be correlated due to niche con-

servatism; more distantly related taxa tend to have more divergent

traits. Dough leavening, growth rates, and stress tolerance—the traits

we investigated here—are just a few of the yeast characteristics rele-

vant to the production of commercially valuable bread. Additional

attributes of interest include novel organoleptic features

(e.g., favorable aromatics, crumb texture, and flavor), traits useful in

manufacturing (e.g., dough freeze tolerance and shelf-stability), and

those which provide novel functions (e.g., antioxidant capacity, phe-

nolic acid, and vitamin production) (Aslankoohi et al., 2016; Palla

et al., 2020). Strains of Lachancea species may provide particularly

fruitful avenues for future exploration. Previous research has found

Lachancea species produce favorable aromatics (esters and alcohols)

and flavors (lactic acid) in the context of the production of beer (Bellut

et al., 2019; Domizio et al., 2016), wine (Gobbi et al., 2013; Hranilovic

et al., 2018), and kombucha (Bellut et al., 2020). At least some

Lachancea strains also withstand colder temperatures—and hence are

more amenable to freezing—than do commercial strains of

S. cerevisiae (Hino et al., 1987). While Lachancea species are not

explicitly regulated as GRAS (USA), or as a Novel Food (EU), strains of

Lachancea spp. have been found in, or used in, the production of com-

mercial food and beverage products. In the future, it will be useful to

study a greater suite of baking-relevant attributes in the insect-

associated Lachancea strains we have isolated. For all potential baking

yeasts, it will also be important to assess the traits relevant to health

and safety, whether with regard to beneficial features or problematic

ones (e.g., production of biogenic amines) (Aslankoohi et al., 2016;

Palla et al., 2020).

F IGURE 4 Growth rate and population size of candidate baking strains. Candidate baking strains were grown in 25% sucrose, and 0.5-M
NaCl with 2% sucrose. (a) Box plots of the maximum population size (the -axis is the parameter “k” estimated from optical density data fit to a
logistic growth equation). (b) Box plots of the maximum growth rate during the exponential growth phase (the -axis is the parameter “r” estimated
from optical density fit to a logistic growth equation). See Table S3 for full dataset [Colour figure can be viewed at wileyonlinelibrary.com]
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4.2 | Insect-associated yeasts present
opportunities for novel trait selection

Environmental yeasts from insects present an opportunity to identify

new traits of interest to the baking industry in the form of non-GMO

whole organisms for single-strain baking. A related method for generat-

ing such traits of interest in yeast is through controlled mating between

domesticated baking strains and environmental strains with traits of

interest (Gallone et al., 2016; Oda & Ouchi, 1990). While traditional

breeding techniques are often complicated in domesticated yeast by

aneuploidy, polyploidy, and decreased viability of offspring, intra- and

interspecific hybrids within the Saccharomyces species complex are

commonly isolated from natural and fermentation environments and

can be readily created in labs (Bozdag et al., 2021; Brice et al., 2021;

Krogerus et al., 2021; Naseeb et al., 2021). New techniques exploiting

rare viable offspring from hybrid crosses show great promise in gener-

ating novel phenotypes of interest in fermentation and other applica-

tions (Bozdag et al., 2021; Brice et al., 2021; Krogerus et al., 2021;

Naseeb et al., 2021). The three strains of insect-associated S. cerevisiae

we investigated as part of a CURE, therefore, offer great potential with

regard to the introduction of environmental strain traits into laboratory

or baking strains. Our comparison of the metabolic, phenotypic, and

genotypic variation among insect associates and between insect asso-

ciates and a laboratory strain highlights that insect-associated

S. cerevisiae strains present a dual opportunity for meeting education

and research goals. Students engaged in original research and identified

phenotypes and genotypes (particularly associated with the HOG1 sig-

naling pathway and carbohydrate metabolism) of interest to bakers.

Of note, the insect-associated strain identified as S. cerevisiae via

ITS1-rRNA-ITS2 sequencing, VS189A, was capable of using the disac-

charide D-melibiose. This metabolic ability is unusual in S. cerevisiae

(but see Pontes et al., 2020). It is typically used as a differentiating

metabolism for S. pastorianus (Kurtzman et al., 2011). S. pastorianus is

associated with lager brewing and is recognized as a hybrid of

S. cerevisiae and S. eubayanus. Our discovery of the ability of an

insect-associated S. cerevisiae strain to metabolize D-melibiose is con-

sistent with recent research that suggests this metabolic capability

may be more common than has previously been appreciated, particu-

larly among non-domesticated strains (Pontes et al., 2020). We

hypothesize that the ability may relate to the association of yeasts

with sugar-foraging insects. D-melibiose has been found in both nec-

tars and honeydew (e.g., Pais & Chaves das Neves, 1980;

Wäckers, 2001). More generally, the discovery of a D-melibiose-

metabolizing S. cerevisiae strain is a reminder of the extent to which

insect associated yeasts have the potential to offer novel metabolisms

that are relevant to bread baking, but also to our understanding of the

ecology and evolution of yeasts.

4.3 | The safety associated with insect–yeast
bioprospecting

The authors are enthusiastic about initiating and supporting citizen

science, amateur science, community science, project-based

coursework, and all forms of participatory science—with strong publi-

cation histories in support of this (e.g., Barberán, Dunn, et al., 2015;

Barberán, Ladau, et al., 2015; Hulcr et al., 2012; Landis et al., 2021;

Madden et al., 2016 etc.), but we wish to draw attention to the unique

safety risks associated with isolating yeasts from insects in such a

future context (as the authors were routinely asked about this during

the course of their research). Working with isolated environmental

Saccharomyces yeasts is particularly useful for classroom activities as

they represent low biohazard risks. Involving such yeasts in project-

based undergraduate coursework enabled students to not only learn

valuable biotechnology-relevant skills but also contribute useful data

to the field. However, not all insect-associated yeasts present such

low risks. Insects can carry pathogenic yeasts, including various medi-

cally relevant Candida species, such as C. albicans and C. auris, as well

as Cryptococcus neoformans var. gattii, which are known to cause anti-

fungal resistant infections and life-threatening diseases in healthy

humans (respectively) (Jackson et al., 2019; Kidd et al., 2003; Stefanini

et al., 2012). Notably, the traits for making bread do not necessarily

select for those yeasts that are safe for handling or consumption.

Indeed, in our own study, we investigated the use of C. quercitrusa for

making bread. While this species has been isolated from grapes/wine

(Chavan et al., 2009) and cocoa fermentation (Jespersen et al., 2005),

it has also been associated with clinical infection (Westblade

et al., 2015; Xiao et al., 2014). This warning likely does not need to be

explicitly stated to the scientific community; however, we nonetheless

wish to caution against isolating yeasts from insects—particularly with

the goal of using them in products for human consumption—without

proper safety facilities and training.

5 | CONCLUSION

Environmental yeasts present an opportunity to identify non-GMO

strains with traits and metabolisms of interest to the baking world.

However, previous bioprospecting screens have often failed to result

in cultivated yeasts that perform the necessary metabolism in the

actual industrial context. Our research shows that hymenoptera-

associated yeasts, particularly the non-Saccharomyces yeasts from the

genus Lachancea, but also some lesser-studied species, provide an

opportunity to identify strains with the ability to tolerate the osmotic

stress of manufacturing and sweet dough production, while also leav-

ening bread competitively with a commercial baking strains. Our work

adds to the growing interest in, and call for, the use of non-

conventional yeasts in the food and fermentation-relevant industries

(Canonico et al., 2019; Capece et al., 2018; Hutzler et al., 2021;

Nikulin et al., 2020; Steensels et al., 2014; Zhou et al., 2021) and high-

lights how using an eco-evo approach to bioprospecting may meet

the needs of bakery product consumers and manufacturers while

simultaneously increasing our understanding of yeast ecology and

evolution.
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