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Abstract

to direct colony PCR in the tested yeast strains.

engineering in filamentous fungi and yeast.

Background Fungi have been utilized for centuries in medical, agricultural, and industrial applications. Development
of systems biology techniques has enabled the design and metabolic engineering of these fungi to produce novel
fuels, chemicals, and enzymes from renewable feedstocks. Many genetic tools have been developed for manipulating
the genome and creating mutants rapidly. However, screening and confirmation of transformants remain an inef-
ficient step within the design, build, test, and learn cycle in many industrial fungi because extracting fungal genomic
DNA is laborious, time-consuming, and involves toxic chemicals.

Results In this study we developed a rapid and robust technique called “Squash-PCR"to break open the spores

and release fungal genomic DNA as a template for PCR. The efficacy of Squash-PCR was investigated in eleven dif-
ferent filamentous fungal strains. Clean PCR products with high yields were achieved in all tested fungi. Spore age
and type of DNA polymerase did not affect the efficiency of Squash-PCR. However, spore concentration was found
to be the crucial factor for Squash-PCR in Aspergillus niger, with the dilution of starting material often resulting

in higher PCR product yield. We then further evaluated the applicability of the squashing procedure for nine different
yeast strains. We found that Squash-PCR can be used to improve the quality and yield of colony PCR in comparison

Conclusion The developed technique will enhance the efficiency of screening transformants and accelerate genetic

Keywords Spore PCR, Colony PCR, Squash preparation, Spore concentration, Quick screening

Background

Microorganisms such as fungi and yeast can produce a
wide variety of valuable compounds that are used in vari-
ous industries, including in food, pharmaceutical, and
chemical processes [1-4]. These biobased compounds
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are attractive alternatives to traditional petroleum-
based manufacturing as they can help reduce our reli-
ance on fossil fuels and can alleviate some environmental
impacts. Genetic engineering of microorganisms is the
most effective means to enhance host productivity of
natural compounds and can also be used to introduce
new biosynthetic pathways to microbes allowing for the
production of non-native compounds. Recent advances
in synthetic biology tools and methods have significantly
enhanced the throughput of microbial engineering. In
parallel, improved multi-omic data collection and analy-
sis pipelines have enabled a more comprehensive under-
standing of the underlying biology of targeted hosts,
leading to more effective genetic engineering target
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selections. These advancements in synthetic biology and
omic analyses have led to an exponential increase in the
number of engineered microbial strains, which require
rapid genotype screening to verify that the constructed
strain is correct.

PCR remains the most common method for verify-
ing DNA edits. Conventional PCR screening utilizes
genomic DNA from the genetically modified organism as
a template for amplification. Current protocols typically
require the cultivation of the modified cell to generate
enough biomass for genomic DNA extraction. Mechani-
cal techniques such as bead-beating or mortar/pestle
grinding are most commonly used to disrupt cell walls
[5, 6]. The genomic DNA is then isolated by a traditional
genome extraction protocol that requires toxic reagents
(i.e., phenol) and often takes several hours. Overall, the
whole procedure usually requires several days to com-
plete the PCR verification, and it is challenging to imple-
ment in a high throughput manner. For bacteria, it is
possible to skip the biomass cultivation step by using
PCR directly on the transformed colony (colony PCR)
instead of isolated genomic DNA [7]. However, there is
no comparable method for fungi as the tough and com-
plex outer layers of fungal spores and some yeast cells
significantly reduce the extraction of free genomic DNA
for an effective PCR [8, 9]. As a result, developing a reli-
able PCR method directly from spores (spore PCR) or
yeast cells has been problematic.

The vital step of colony or spore PCR is to disrupt the
intact cells to release the genomic DNA into the extracel-
lular media. Common methods for mechanical cell dis-
ruptions such as bead milling or grinding with a mortar
and pestle are not reliably applicable to fungal spores as
the fungal spores are several micrometers in diameter
and cannot be disrupted effectively due to the complex
spore layers. Some spore PCR methods have been devel-
oped with success in a limited number of species. For
example, Xu and Hamer successfully performed spore
PCR in Magnaporthe grisea by freezing the samples
and found that an excessive number of spores could
inhibit the PCR reaction [10]. Subsequently, Ferreira
et al. described a quick template preparation method by
microwave irradiation for PCR amplification with Neu-
rospora crassa spores [8]. AlShahni et al. reported that
an Ampdirect® Plus kit allows direct PCR amplification
from spores with no requirement for DNA extraction in
Penicillium expansum TIMM 1293, Aspergillus unguis
JCM 2256 and A. sclerotiorum JCM 1962 [11]. More
recently, Fraczek et al. utilized a thermal-shock method
to release spore genomic DNA for PCR [9]. While these
techniques have proven effective in amplifying desired
genomic DNA fragments from specific filamentous spe-
cies, the widespread applicability across diverse fungal
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species remains relatively unexplored. Furthermore,
these techniques have not been found to be effective at
extracting genomic DNA from the spores of A. niger,
one of the most important industrial filamentous fungi
used in biotechnology for producing enzymes and
organic acids [12—14]. In contrast to filamentous fungi,
direct colony PCR of yeasts has been frequently used for
genomic DNA fragment isolations [7, 15, 16]. However,
this technique is sometimes hampered by insufficient
genomic DNA released into the PCR reaction mix and
the presence of PCR inhibitors [17]. As a consequence,
contradictory results have been observed and colony
PCR efficiency in different yeast species and strains can
vary due to different cell wall thickness and cell compo-
nents [16, 18].

In plant research, a squash technique has been rou-
tinely applied during microscopic slide preparation of
chromosomal spreading in lily [19, 20] and male mei-
otic cell division in Arabidopsis [21]. As the clearance
between glass slide and coverslip is infinitely small,
the squashing has been shown to efficiently disrupt the
cells. This result prompted us investigate the effective-
ness of microscope squashing on disrupting cell walls of
various fungal spores. Based on the squash technique, we
adapted and developed a novel method for spore PCR
which we call Squash-PCR (Sq-PCR, Fig. 1).

In this study, we investigated the effectiveness of
Squash-PCR in nine different filamentous fungi and nine
different yeast strains. We also explored potential limit-
ing factors of Squash-PCR by focusing on A. niger.

Results

DNA template preparation

The preparation of DNA template for Squash-PCR
involved three steps (Fig. 1): (1) loading~5 pL spores
onto a microscopy slide, (2) applying pressure to the
microscope coverslip to squash the spores, and (3) col-
lecting the DNA sample. By examining the spores on the
slide under a microscope before and after the squash-
ing, users can visually assess the levels of the spore cell
disruption. Depending on the fungal species, different
squash pressures and times may be applied. The squashed
spore mixtures can be used for PCR directly or stored at
— 20 °C for future use.

To evaluate the effectiveness of the squashing tech-
nique in breaking down cell walls of various fungal
spores, we tested nine different filamentous fungi:
Aspergillus oryzae, A. niger, A. nidulans, Trichoderma
reeesei, A. pseudoterreus, Rhizopus oryzae, Phanero-
chaete chrysosporium, Neurospora crassa and Penicil-
lium melinii (Table 1). We also applied this technique
to nine different yeast strains, including: Lipomyces
starkeyi (NRRL Y-11557), Lipomyces starkeyi (ATCC



Yuan et al. Fungal Biology and Biotechnology (2023) 10:15

Page 3 of 15

Sample Loading Sample Squashing
y < \\ 2N
A NN
(8 %«
\ \
o S e
X D ( ' THUMB PRESS
L ¢ o]
1 2
Sample Collection
N\ A\
@ /\%\ \\\
N Nl )
A (//\
) 4
e THUME PRESS e 20
WITHOUT § r
THUMB PRESS ®
2, o \ !
4
PCR Gel Electrophoresis
et =
e
e
===
— o
— — —
o =
=] —
SRR
5 6

Fig. 1 The workflow of squashed spore PCR in fungi

58680, aka NRRL Y-11557 (mucoid type)) [22], L.
doorenjongii, L. japonicus, L. oligophage, Sacchromyces
cerevisiae, Kluyveromyces lactis, Scheffersomyces stip-
ites and Rhodotorula toruloides (Table 1). Disruption
of the spores and yeast cells was confirmed via micro-
scopic examination (Fig. 2). Significant visual differ-
ences were observed between samples before and after
squashing. Prior to squashing, the fungal spores and
yeast cells possessed distinct shapes, sizes, and colors
that were easily observed under microscopic imaging
(Fig. 2). However, after squashing, only broken cells and
cells debris were observed (Fig. 2). These findings indi-
cated that the squashing technique is highly effective

and reliable in disrupting various fungal spores and
yeast cells.

Squashed spore PCR in diverse fungal strains

The squashed samples were then collected from the slide
by washing with 10 uL of PBS—Tween 20 (v/v, 0.05%) and
subjected to PCR. The internal transcribed spacers 1 and
2 (ITS1 and ITS2 regions) and the 28S ribosomal subu-
nit (D1-D2 region) are frequently used as marker regions
to characterize fungal biodiversity [23, 24]. Therefore, we
used the two primer pairs ITS1/D2 and ITS1/ITS4 for
the molecular detection of fungal DNA, which produce
expected PCR products sizes of~1.2 kb and~600 bp,
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Table 1 Results of spore PCR and colony PCR with and without squash treatments

Fungal species dsPCR' Sq-PCR? dcPCR3 Sq-PCR*
Aspergillus oryaze ATCC 12892 - + N/A N/A
Aspergillus oryaze ATCC 7252 - + N/A N/A
Aspergillus niger ATCC 11414 - + N/A N/A
Aspergillus pseudoterreus ATCC32359 - + N/A N/A
Aspergillus nidulans ATCC38163 - + N/A N/A
Rhizopus oryzae ATCC 9363 - + N/A N/A
Rhizopus oryzae ATCC 10260 - + N/A N/A
Phanerochaete chrysosporium ATCC 24725 —* + N/A N/A
Neurospora crassa ATCC MYA-4614 - + N/A N/A
Trichoderma reeesei ATCC13631 —* + N/A N/A
Penicillium melinii ATCC 13352 - + N/A N/A
Lipomyces starkeyi NRRL Y-11557 N/A N/A + ++
Lipomyces starkeyi ATCC 58680 N/A N/A + ++
Lipomyces doorenjongii NRRL Y-27504 N/A N/A + + +
Lipomyces japonicus CBS 7319 N/A N/A + + +
Lipomyces oligophaga CBS 7107 N/A N/A + ++
Sacchromyces cerevisiae WLP090 N/A N/A + + +
Kluyveromyces lactis NRRL Y-8279 N/A N/A + ++
Scheffersomyces stipitis NRRL Y-11545 N/A N/A + ++
Rhodotorula toruloides NBRC 0880 N/A N/A + ++

1: Direct spore PCR

2:Squashed spore PCR

3 Direct colony PCR

4:Squashed colony PCR
" Faint PCR band

+ +:Improved PCR band

respectively. In general, directly using a spore suspension
as a DNA template for PCR directly is unlikely to pro-
duce high-quality PCR products due to the tough spore
cell walls. In our investigation of nine fungal strains, we
observed either no or very low amounts of amplified
DNA products from the PCR with spore suspension and
initial PCR denaturation temperature of 95 °C for 5 min
(Fig. 3A). In contrast, using the same PCR program, we
were able to amplify desired PCR products in all reac-
tions using squashed spore samples as a DNA template
with primer pairs ITS1/D2 and ITS1/ITS4, as shown in
Fig. 3B. The genomic DNA of A. niger extracted via tra-
ditional methods were used here as a positive control as
well as in all remaining experiments.

After conducting the experiments, it was consistently
observed that eight out of nine tested fungal strains pro-
duced the expected PCR products using the Sq-PCR
method. The only exception was A. niger, for which it was
necessary to dilute the squashed spore samples and use
the diluted solution as the template for amplification to
improve PCR product yield. To confirm the repeatabil-
ity of this method, five independent samples (S1 to S5)

were prepared via squashing, followed by a fivefold dilu-
tion (S1* to S5% respectively). The PCR products result-
ing from all five diluted samples (S1* to S5*) were similar
to the positive control when using primer pairs ITS1/
ITS4 and ITS1/D2. However, lower or no amount of PCR
products were generated with the undiluted samples (54
and S5), as depicted in Fig. 3C. These results highlight
the importance of diluting squashed spore samples to
achieve effective Squash-PCR in A. niger. It is worthwhile
to note that all tested fungal strains were assessed in a
minimum of three biological replicates, which yielded
consistent PCR products, indicating the robustness and
reproducibility of the Squash-PCR method in fungi.

Evaluation of relevant parameters impacting squashed
spore PCR

All of the Sq-PCR procedures described above utilized
the Taq DNA polymerase. However, for certain activi-
ties, such as cloning and sequencing, High-Fidelity DNA
polymerase is usually preferred. Therefore, we evaluated
two other polymerases, Q5 High-Fidelity DNA Polymer-
ase and Phusion High-Fidelity DNA polymerase in the
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Fig. 2 Microscopic view of diverse spores and yeast strains in squash preparations. A Microscopic view of eight different spores before and after
squash. B Microscopic view of three different yeast strains before and after squash. Scale bar=20 um
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Fig. 3 Squashed spore PCR of different filamentous fungi using primers ITS1/D2 and ITS1/ITS4. A Direct spore PCR using the supernatant
from spore suspensions of nine filamentous. B Squashed spore PCR of nine filamentous fungi. C Squashed spore PCR of A. niger. N, negative control;

P, positive control; S1-S5, sample 1-sample 5; *, fivefold dilution

Squash-PCR of A. niger using the PCR conditions recom-
mended by the manufacturers (Fig. 4A). Similarly, high-
quality PCR products were obtained in the reactions
using Taq DNA polymerase and Q5 High-Fidelity DNA
polymerase (compared to positive control), whereas rela-
tively poor-quality PCR products (bands) were observed
using Phusion High-Fidelity DNA polymerase (Fig. 4A).

Therefore, in the tested conditions, the Tag DNA poly-
merase and Q5 High-Fidelity DNA polymerase appeared
to be more robust for A. niger Squash-PCR.

To determine the size range of PCR products ampli-
fied by Squash-PCR, we amplified a series of PCR
products with increasing fragment lengths using Q5
High-Fidelity DNA polymerase in A. niger (Fig. 4B).
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In addition to primer pairs of ITS1/ITS4 and ITS1/
D2, we included two additional primer pairs, OGY36/
OGY38 and OZD2591/0ZD2593 to amplify a
DNA fragment (jgi|Aspni7|1,145,759| fgeneshl
kg.chr_502_#_298_#_1354_2 EXTC_EXTD) and the
glal gene with expected sizes of~3 kb and~4.4 kb,
respectively. In the positive control, all the PCR prod-
ucts ranging from 0.6 to 4.4 kb were successfully ampli-
fied. Similarly, equivalent PCR products with fragment
sizes up to 4.4 kb were also obtained with squashed spore
samples after fivefold dilution (compared to the positive
control, Fig. 4B), demonstrating the ability of Sq-PCR to
efficiently amplify large DNA fragments.

To determine the optimal spore concentration required
for Sq-PCR, we conducted an evaluation of A. miger
spore samples with concentrations ranging from 1x 10°
to 1x 108 spores/mL (Fig. 4C). Two biological replicates
were squashed for each spore concentration and each
squashed sample was diluted by 5-folds. After PCR,
high-quality DNA fragments were obtained in the sam-
ples with concentration 1x10’/mL and 1x10%/ mL,
while faint bands were observed in samples with con-
centration 1x10°/mL and 1x 10%/mL. Further investiga-
tion revealed that when the spore concentration was at
1x10%/mL or lower, PCR results of the squashed sam-
ple without dilution are superior to those with dilution
(Fig. 4C). Overall, samples with spore concentrations
between 1x10’/mL and 1x 10%/mL followed by fivefold
dilution after squash were the most optimal for an effec-
tive PCR reaction.

In bacteria colony PCR, fresh bacterial plates typi-
cally yield better PCR products than older plates. To
investigate whether the spore age affects the PCR per-
formance in Sq-PCR, we tested A. niger spore samples
collected from one week to three months prior to Sq-
PCR (Fig. 4D). Comparable PCR products were gener-
ated in all samples, regardless of spore age, suggesting
that spore age does not have a large effect on Sq-PCR
performance in A. niger.

Squashed spore PCR products for Sanger sequencing

CRISPR-Cas technology has been used for genetic edit-
ing in various microorganisms. PCR-based genotyping
and Sanger sequencing are to date the most frequently
used approaches for quick screening and verification of
edited genes. Here, we sought to determine whether PCR
products generated by Sq-PCR were of sufficient quality

(See figure on next page.)
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for Sanger sequencing. A. niger was selected as the test
microbe. A. niger normally produces black spores with
the spore pigment controlled by albA gene. The albA
gene has been commonly used as a selection marker
gene because the loss of its function leads to the gen-
eration of white spores [25, 26]. CRISRP-Cas9 mediated
genome editing targeting albA gene was performed, and
four conidia of transformants were selected for Sq-PCR
with the wild type (WT) A. niger as a control. All selected
conidia as well as the WT generated the expected PCR
products around 800 bp (Fig. 5A). Deletion/inser-
tion events caused by CRISPR-Cas9 were successfully
detected in 3 out of 4 transformed conidia through
Sanger sequencing with the purified PCR products. Spe-
cifically, a combined insertion/deletion event (5 bp and
54 bp), an insertion event (93 bp) and a deletion event
(39 bp) were confirmed by Sanger sequencing in conidia
#1, #3 and #4, respectively (Fig. 5B). The editing profile of
conidium #2 failed to read due to a poor Sanger sequenc-

ing quality.

Effects of pigments on squashed spore PCR

Since it has been reported that melanin inhibits PCR
amplification [27], we investigated the impact of mela-
nin on PCR amplification by analyzing the black spores
and white spores obtained from CRISRP-Cas9 gene edit-
ing of albA in A. niger. Two black spores and two white
spores were simultaneously examined through Squash-
PCR (Fig. 6A). Interestingly, high-quality genomic DNA
PCR fragments were produced with the white spores
from the albA mutant strain when using the squashed
samples without dilution. However, no PCR products
were detected with those squashed samples of the black
spores (Fig. 6B). As expected, with a fivefold dilution of
the crushed sample of black spores, targeted PCR prod-
ucts were obtained via Squash-PCR (Fig. 6C). Therefore,
it indicates that Sq-PCR was also severely affected by the
melanin in A. niger spores.

The effects of spore pigments from other fungal strains
on Sq-PCR were next evaluated. Three filamentous fun-
gal strains A. Oryzae (ATCC 12892 and ATCC 7252) and
Penicillium melinii (ATCC 13352) that contain green pig-
ments were selected for testing (Fig. 6D). No or very low
amount of PCR products were obtained with oligo pair of
ITS1/D2 when the intact spores were used (Fig. 6E). The
squashed spore samples with or without fivefold dilution
were simultaneously compared. Samples with no dilution

Fig. 4 Examination of potential limiting factors that affects Squash-PCR in A.niger. A PCR to test the efficiency of different DNA polymerases

in amplifying PCR products using Squash-PCR with primers [TS1/D2 and ITS1/ITS4. P, positive control; Tag, Tag DNA polymerase; Q5, Q5 High-Fidelity
DNA polymerase; Phusion, Phusion High-Fidelity DNA polymerase. B The size range of PCR products effectively amplified using Q5 High-Fidelity
DNA polymerase in Squash-PCR. P, positive control. C The effective range of spore concentration in Squash-PCR. N, negative control; P, positive
control. D PCR to test the effects of spore age in Squash-PCR. N, negative control; P, positive control
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Fig. 5 Squash-PCR-mediated rapid screening of transformants in CRISPR-Cas9 genome editing of A. niger. A Squash-PCR of selected transformants.
N, negative control; WT, wild type B Sanger sequencing using the PCR products from panel A

of squashed spores resulted in the expected PCR prod-
ucts in strains A. oryzae-ATCC12892 and P. melinii, but
not in A. oryzae-ATCC7252. In contrast, high-quality
PCR fragments were produced in all three strains with
fivefold dilution of the squashed spore samples. The PCR
product band quality of A. oryzae-ATCC12892 were sig-
nificantly improved by fivefold dilution, but no distin-
guishable difference was observed in P. melinii before and
after dilution. In conclusion, our findings suggest that
spore pigments inhibit Sq-PCR not only in A. niger but
also in A. oryzae. Dilution of the squashed spore samples
can significantly improve the production of selected PCR
fragments in filamentous fungal strains containing spore
pigments.

Squashed colony PCR in diverse yeast strains

Given that dilution of squashed spore sample resulted in
an improved PCR reaction compared to the undiluted
one (FigS. 3C and 6E), colony PCR of L. starkeyi was eval-
uated for its effectiveness with colony samples obtained
from the intact (C1 and C2) or squashed (S1 and S2) cells
as well as fivefold diluted squashed samples (S1* and S2*)
(Fig. 7A). High quality PCR products were observed in

all reactions after PCR with no distinguishable differ-
ence between diluted and undiluted squashed colony
samples, indicating the dilution may not be necessary to
obtain optimal PCR results in yeast. In comparison to
colony PCR with intact cells, more PCR products were
achieved in squashed colony PCR both with and without
dilution (Fig. 7A). To further investigate the applicabil-
ity of squashed colony PCR, we tested Sq-PCR in addi-
tional eight different yeast strains of various industrial
importance. Sharp bands of PCR products were achieved
in almost all PCR reactions using direct colony samples
and squashed colony samples (Fig. 7B). Comparatively
broader PCR bands were observed in the squashed col-
ony samples, in contrast to the direct colony samples
(Fig. 7A, B), suggesting that Squash-PCR is a superior
method for colony PCR across diverse yeast strains.

Discussion

Several methods of spore PCR have been reported, but
they have not been shown to be widely applicable for
molecular characterization and engineering of various
fungal species due to poor yield and repeatability of PCR
products. Here, we demonstrate that spore squashing is
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and Penicillium melinii ATCC 13352. E Spore PCR using the spores from D, with primers [TS1/D2. N, negative control; P, positive control; 1, A. niger; 2,
A. Oryzae ATCC 12892; 3, A. Oryzae ATCC 7252; 4, Penicillium melinii ATCC 13352. Two technique replicates were performed for Squash-PCR

an effective experimental treatment for inducing spore
disruption and DNA release in multiple fungal and yeast
species. Sq-PCR has an added benefit of being a quick
and effective means of breaking open cells without the
need for hazardous reagents used in traditional meth-
ods. Furthermore, the developed Sq-PCR method can
be used for spore PCR of A. niger, which has not been
previously reported (to our knowledge). Our results
have shown that several different polymerases were all
able to reliably yield PCR products, but that the Phu-
sion High-Fidelity polymerase resulted in poorer quality
PCR products. Although it should be noted that we did
not attempt to optimize conditions using the Phusion
polymerase, and better results may be achievable with

optimized parameters. The use of Q5 polymerase allowed
for effective amplification of up to 4.4 kb DNA fragments
in A. niger. This demonstrated that genes of varying size
ranges can be effectively amplified through Sq-PCR.
Furthermore, our results demonstrated that spore con-
centrations within the range of 1x10’/mL to 1x10%/mL
exhibited significantly higher PCR product yields com-
pared to lower concentrations. This finding aligns with
the thermal-shock method, where PCR amplicons were
detected in the spore supernatant across a concentration
range of 7.8 x 10°/mL to 8 x 108/mL of spores [9]. Finally,
we have also shown that spore age had limited effect on
the quality of PCR products, in contrast to colony PCR
using bacteria and yeast where fresh colonies typically
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yield better results [15, 28, 29]. The squashed spore sam-
ples can be stored in freezer at least three months with-
out affecting PCR quality.

Compared to other fungal strains, spore PCR proved
to be more challenging in A. niger, which is consist-
ent with previous results [9]. Although we were able to
obtain expected PCR products using the squashed spore
samples of A. niger with spore concentrations ranging
between 1x107/mL and 1x10%/mL, poor repeatability
and variable results were frequent occurrences. Based on
reports that the presence of PCR inhibitors from yeast
cells might inhibit colony PCR [17] and that PCR can be
hampered by an excess of spores [10], we hypothesized
that the large amount of cell components from A. niger
spores may contain excessive PCR inhibitors as well.

Thus, reducing the amount of PCR inhibitor of squashed
spore sample was critical. By diluting the DNA tem-
plate of the squashed spores, the dosage of PCR inhibi-
tor per unit volume can be reduced and may potentially
result in improved PCR products. Indeed, enhanced
PCR products were achieved using samples with five-
fold dilution after squashing spores with concentrations
ranging between 1x10"/mL and 1x10%/mL. In con-
trast, PCR bands with low yields were seen for A. niger
spore samples with lower concentrations (1 10°/mL to
1x10%/mL), along with fivefold dilution after squashing
spores. This may be due to the concentration of genomic
DNA present being below the effective template thresh-
old for PCR. Maintaining the balance between low PCR
inhibitor concentrations and keeping the genomic DNA
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concentration above the effective template threshold is
the key for optimizing squashed spore PCR. Therefore,
no dilution is preferred to generate greater yields of PCR
products for A. niger with spore concentrations below
1x10%/mL.

It should be noted that the outcome observed in A.
niger were not observed among the other filamentous
fungal strains investigated, suggesting the possibility
that A. niger spores contain an excessive amount of cer-
tain PCR inhibitors. Many organic substances such as
bile salts, urea, phenol, ethanol, polysaccharides, sodium
dodecyl sulfate (SDS) and various proteins including col-
lagen, myoglobin, lactoferrin, and proteinases are cur-
rently recognized as PCR inhibitors [30]. A distinctive
feature of A. niger is black conidiospores due to the pro-
duction of melanin. Moreover, melanin has been identi-
fied as a potent PCR inhibitor and it can suppress PCR
results even at very small amounts [27, 31]. Therefore,
we examined the effect of melanin on Sq-PCR by exam-
ining a mutant strain albA, that produces white spores.
Optimal PCR products were obtained via Sq-PCR in
white spores but not in black spores under the same con-
ditions, indicating that melanin is a primary inhibitor of
spore PCR in A. niger. Similar results were also observed
in two A. oryzae (ATCC 12892 and ATCC 7252) strains
which contained green pigments. Remarkably, our find-
ings suggest that fungal species with darker pigmentation
(A. niger and ATCC 7252) exhibited reduced PCR ampli-
fication compared to those with relatively lighter pigmen-
tation (Penicillium melinii and ATCC 12892). Therefore,
it’s clear that pigments act as major PCR inhibitors in Sq-
PCR though other potential PCR inhibitors, such as poly-
saccharides and hydrophobins components of spore cell
walls [32] may also play a role in suboptimal PCR reac-
tions. In this study, we demonstrated that reducing PCR
inhibitors by diluting the squashed spore sample was a
simple and effective method for obtaining PCR products
in fungal strains possessing pigments. Alternatively, add-
ing BSA to the DNA template has also been used to neu-
tralize the inhibition of melanin in PCR [27].

Recently, the CRISPR-Cas mediated genome editing
has been used for genetic engineering of various fungi,
including Aspergillus nidulans, A. aculeatus, A. niger,
A. carbonarius, A. luchuensis, A. brasiliensis, A. oryzae,
Candida lusitaniae and Trichoderma reesei [33-36].
Screening of transformants and identification of edited
events extensively relies on PCR-based approaches that
use genomic DNA as a template. As mentioned earlier,
the application of Sq-PCR enabled us to bypass these
time-consuming procedures and identify the CRISPR-
Cas edited events much quicker and easier than the tra-
ditional ones. In addition to mutant screening, we have
also employed Sq-PCR to generate DNA fragments for
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vector cloning (Additional file 1: Fig. S1). The Sq-PCR-
generated DNA fragments proved to be highly effective
in downstream vector assemble. Squash-PCR drastically
reduces manipulation and template preparation time and
therefore decreases the test turnaround time and acceler-
ate the genetic engineering of A. niger strains.

Furthermore, we also found that the colony PCR can
be enhanced dramatically in squashed colony PCR in
comparison with those in direct colony PCR. When low
amplification efficiencies are observed in colony PCR of
yeast colonies, squashed colony PCR would be an alter-
native solution. For instance, the deletion of multiple
N-mannosyltransferases in Saccharomyces cerevisiae
leads to strains that are no longer amenable to analysis
using conventional PCR on yeast colonies [16]. A total of
eleven fungal strains representing nine fungal species, as
well as nine yeast strains representing eight yeast species,
were subjected to Squash-PCR, resulting in a remarkable
100% success rate (Fig. 8).

While Squash-PCR is recognized as an easy and relia-
ble method, further improvements are necessary to tackle
larger-scale projects and process a substantial number
of samples with ease. Automation of the squashing pro-
cess can streamline sample preparation and increase the
number of samples processed simultaneously. This can
be achieved using robotic liquid handling systems or
specialized squashing devices. Such a system provides
a platform for efficient DNA extraction in 96-well plate
for downstream PCR amplification. The ability to process
multiple samples coupled with automation will advance
the metabolic engineering progress in various fields.

Conclusion

Overall, the Squash-PCR method developed in this
research is a simple, fast, and efficient PCR screening
technique that does not involve toxic reagents usage. It
can be applied to various microorganisms, regardless
of their cell wall structure complexity, as the working
mechanism only involves mechanically breaking the cells.
With rapid advancements in multi-omics analysis and
synthetic biology tools, such as the CRISPR-Cas system,
screening requirements are scaling up as more geneti-
cally engineered strains need to undergo PCR screening
before initiating the test and learn cycle. This method
is expected to accelerate the Design-Build-Test-Learn
(DBTL) cycle in biomanufacturing development.

Materials and methods

Strains

The fungal species and yeast strains used for squashed
spore/colony PCR are listed in Table 1.
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Fig. 8 Simplified phylogenetic tree of fungi used for spore and colony PCR. ¥, fungal species used for spore PCR; **, yeast species used for colony

PCR. This figure is adapted from Grigoriev et al.[38]

Squash preparation

Squash preparations were prepared as follows, 1) load 5
pL spore solution onto a glass slide and cover it with a
coverslip. 2) Place the thumb on the coverslip and press
firmly while moving the coverslip horizontally. 3) lift
the coverslip and add 10 uL. PBS—Tween 20 (v/v, 0.05%)
solution. 4) collect the spore solution using a pipette and
dilute it with 10 pL or more PBS—Tween 20 as needed.
For more detailed instruction, please refer to Additional
file 2: Video S1.

PCR with taq DNA polymerase

In this PCR protocol, GoTaq green master mixes (Pro-
mega) were used following PCR conditions specified as
below. 1L of spore solution was used as a template for
20 pL total PCR reaction volume with the PCR cycling
conditions: 95 °C for 2 min, 35 cycles of 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 1 min, with the final elonga-
tion step at 72 °C for 5 min.

PCR with Q5 DNA polymerase

In this PCR protocol, Q5 High-Fidelity 2X master mix
(New England BioLabs) were used following PCR con-
ditions specified as below. 1uL of spore solution was
used as a template for 20 pL total PCR reaction vol-
ume with the PCR cycling conditions: 98 °C for 30 s, 35
cycles of 98 °C for 10 s, 65 °C for 30 s, and 72 °C for
20 s~2 min based on different PCR size (20-30 s/kb),
with the final elongation step at 72 °C for 2 min.

PCR with Phusion polymerase

In this PCR protocol, Phusion High-Fidelity DNA Poly-
merases (Thermo Scientific) were used following PCR
conditions specified as below. 1uL of spore solution
was used as a template for 20 pL total PCR reaction vol-
ume with the PCR cycling conditions: 98 °C for 1 min,
35 cycles of 98 °C for 10 s, 65 °C for 30 s, and 72 °C for
30 s, with the final elongation step at 72 °C for 2 min.
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Primers for PCR

All primers used for spore and colony PCR are listed in
Additional file 3: Table S1.

Microscopy

Microscopic examination was carried out to check
the status of spores before and after squashing, using
a Zeiss laser microdissection microscope (Zeiss PALM
microbeam-Laser microdissection).

Spore counting

The number of spores were counted using a hemocy-
tometer under a microscope. Spore concentrations
were determined as described previously [37].

Gel purification

The PCR products were purified using the MinElute
gel extraction kit (QIAGEN) and quantified using a
NanoDrop.

Sanger sequencing
Purified PCR products were sequenced by GENEWIZ.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540694-023-00163-0.

Additional file 1: Figure S1. Squash-PCR-based DNA fragment amplifica-
tion for vector cloning. Squash-PCR was used to amplify DNA fragment

1 and 4 with primers 0ZD3062/0ZD3063 and 0ZD3065/0ZD3066,
respectively. Fragments 2 and 3 were amplified using plasmid DNA as the
template.

Additional file 2: Video S1. Squash spore preparation.

Additional file 3: Table S1. The oligos used for spore PCR and colony
PCR.
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