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Abstract

The selection of improved producers among the huge number of variants in mutant libraries is a key issue in filamentous 

fungi of industrial biotechnology. Here, we developed a droplet-based microfluidic high-throughput screening platform for 

selection of high-cellulase producers from filamentous fungus Trichoderma reesei. The screening system used a fluorogenic 

assay to measure amount of cellulase and its activity. The key effectors such as cellulase-inducing medium, spore germi-

nation, droplet cultivation time, droplet fluorescence signal detection, and droplet cell sorting were studied. An artificial 

pre-mixed library of high- and low-cellulase-producing T. reesei strains was screened successfully to verify the feasibility 

of our method. Finally, two cellulase hyperproducers exhibiting improvements in cellulase activity of 27% and 46% were 

isolated from an atmospheric and room-temperature plasma (ARTP)-mutated library. This high-throughput screening system 

could be applied to the engineering of T. reesei strains and other industrially valuable protein-producing filamentous fungi.
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Introduction

Lignocellulosic biomass is the most abundant renewable 

source for the production of biofuels. However, the develop-

ment of an inexpensive method to convert lignocellulose into 

soluble sugars remains the primary bottleneck associated 

with second-generation bioenergy production [31]. In this 

process, the high cost of enzymatic lignocellulose sacchari-

fication is the major limiting factor in the bioconversion of 

lignocellulosic biomass. Here, cellulase undoubtedly plays 

a vital role in the conversion of cellulose to fermentable 

monosaccharide [7].

Currently, most commercial cellulolytic enzymes are pro-

duced by ascomycete fungi, such as Trichoderma, Penicil-

lium, and Aspergillus species [10]. Of all ascomycete fungal 

species that produce cellulolytic enzymes, Trichoderma ree-

sei (teleomorph Hypocrea jecorina) is the most commonly 

used in the production and preparation of commercial cel-

lulolytic enzymes [24]. In the past 4 decades, enormous 

efforts have been made towards improving cellulase pro-

duction in T. reesei, with an overall goal of cost reduction. 

Strain modification has been implemented as one of the main 

strategies for improving cellulase production from T. reesei 

[27]. Notably, strain-specific characteristics are essential to 
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any by-product derived from a microorganism. Therefore, 

the success of industrial biotechnology depends on improve-

ments to the production capacities of microbial strains.

To date, both genetic engineering and random mutagen-

esis have been used to modify T. reesei and thus improve the 

cellulase productivity. The application of classic mutagen-

esis methods has yielded remarkable improvements in T. 

reesei and led to the considerable modification of industrial 

strains [13, 21, 22]. Still, these classical random mutagenesis 

methods are limited by various factors, including a time-

consuming and laborious nature. The publication of the T. 

reesei genome sequence and the availability of state-of-the-

art gene manipulation methods have enabled the introduction 

of molecular genetic engineering methods into microbial 

improvement programs [18]. For T. reesei, genetic engineer-

ing strategies mainly involve manipulating the expression of 

key regulatory genes [28, 36] and multiple host genes (e.g., 

enhanced expression of positive transcriptional activators 

and decreased expression of transcriptional repressors) [32] 

and promoting the over-expression of genes encoding cel-

lulases [37] at transcriptional repressor loci [20]. Regardless 

of the methods used, isolation of the desired mutants from a 

mutant library requires an efficient high-throughput screen-

ing strategy. However, the construction of such a system for 

T. reesei is challenging, given the filamentous nature of this 

fungus and the fact that cellulase is secreted extracellularly.

Fluorescence-activated cell sorting (FACS) is a high-

throughput method for cell sorting and analysis. However, 

FACS requires fluorescent marker(s) which must remain 

either within or on the surface of the cells to be sorted. 

Recently, a new high-throughput screening method that cou-

ples FACS with red fluorescence protein DsRed expression 

was established for the isolation of cellulase-hyperproducing 

T. reesei strains. Host strains expressing DsRed under a con-

trol of the major cellulase cbh1 promoter both intracellu-

larly and on the surfaces of growing hyphae should first be 

constructed and subjected to further studies [8]. Therefore, 

a complex genetic manipulation was required to couple cel-

lulase production with the fluorescence protein DsRed. In 

contrast, droplet-based microfluidic systems can encapsulate 

non-genetic fluorescence labeled single cells and fluorogenic 

assay reactions in droplets with picoliter- to nanoliter-scale 

volumes. The amount of cellulase and its activity of cell 

were represented by fluorescence signal from the fluorogenic 

assay as previous reported [15]. These cells with improved 

fluorescence signal can be isolated using fluorescence-acti-

vated dielectrophoresis or by fluorescence-activated electro-

coalescence with an aqueous stream [23] The droplet micro-

fluidic technologies developed in recent years have enabled 

screening capabilities in the range of millions per day and 

have been widely used in strain modification and screening 

applications [4, 25, 29]. Compared with flow cytometry, the 

greatest advantage of droplet microfluidics is the potential 

ability to screen secreted products [1]. This advantage could 

enable the screening of cellulase-hyperproducing strains of 

T. reesei.

In this study, a novel high-throughput screening approach 

for cellulase-producing T. reesei strains was proposed and 

established using a droplet-based microfluidic platform. We 

explored the single-spore droplet preparation conditions, 

adjusted the spore germination rate and enzyme activity in 

the droplets, controlled the droplet size, and optimized the 

detection and sorting parameters to establish a screening 

method for cellulase-producing filamentous fungi with a 

throughput rate of 10,000 strains per hour. We further dem-

onstrated the ability of our newly designed platform to suc-

cessfully screen both pre-mixed and random mutagenesis 

libraries of T. reesei. We expect that this high-throughput 

screening system could be used to improve the efficiency of 

strain engineering protocols for T. reesei and other filamen-

tous fungi that produce industrially valuable proteins.

Materials and methods

Strains, media, and cultivation conditions

T. reesei DES-15 (China General Microbiological Cul-

ture Collection Center; CGMCC 9644) [12] and T. reesei 

ΔTrhfb3-cp [11] were used as high- and low-cellulase pro-

duction reference strains in the study. For temporary conser-

vation, all strains were maintained on potato dextrose agar 

(PDA) plates at 4 °C. For strain recovery, mycelia agar disks 

were inoculated on fresh PDA and cultivated at 30 °C for 

7 days until conidia formed.

The cellulase-inducing culture medium in water–oil 

droplets contained 0.2% lactose, 0.1% polypeptone, 0.06% 

 MgSO4, 0.5%  (NH4)2SO4, 0.6%  KH2PO4, and 0.1% trace 

elements at a pH of 4.8 (adjusted using 2 M  H2SO4). For 

cellulase production via shake-flask fermentation, 250-

mL flasks containing 30 mL of fermentation medium were 

inoculated with 1 mL of spore suspension  (106  spores/

mL). The fermentation medium included 3.3% avicel, 1.7% 

corn-steeping liquor, 0.5%  (NH4)2SO4, 0.6%  KH2PO4, 0.1% 

 MgSO4·7H2O, 0.25%  CaCO3, 0.25% glycerol, and 0.1% 

Tween-80. The initial pH of the fermentation medium was 

adjusted to 5.5 using 2 M  H2SO4. The flasks were incubated 

in a rotary shaker (200 rpm) at 26 °C for 120 h.

Cellulase activity assay

The filter paper activity (FPA) is represented by the filter 

paper unit and was measured as described by Ghose [9]. 

Cellobiohydrolase levels were measured at  Ab420 nm using 

p-nitrophenyl-β-D-cellobioside as the substrate for a rapid 

detection [33]. One unit of cellobiohydrolase activity was 
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defined as the amount of enzyme required to produce 1 μmol 

of product per min under the assay conditions. The fluoro-

genic assay of cellulase activity was performed in droplet 

using a fluorogenic substrate fluorescein-di-β-cellobioside 

(Gering, China) and detected at ex488 nm/em520 nm [15].

Spore germination

The spore germination rates were examined to accurately 

determine the appropriate incubation time prior to micro-

fluidic analysis and sorting. First, the spores were collected 

and adjusted to a density of  105 spores/mL in liquid cellu-

lase-inducing medium. Next, 10 μL of spore suspension was 

placed on glass slides and incubated in a humid chamber 

at 30 °C. The germination rates of at least 300 spores were 

examined every 2 h under a microscope (DM5000B, Leica, 

Germany). To induce spore germination, the generated sin-

gle-spore droplets were cultured at 30 °C for desired period. 

Spore germination in the droplets was observed microscopi-

cally by pipetting 10 μL of droplets into a Countess TM 

cell counting chamber (ThermoFisher Scientific, USA) at 

different time points.

Droplet generation and microfluidic screening

Droplets were produced using a surfactant-containing 

fluorinated oil [14] as the oil phase and a suspension of 

 106 spores/mL in media supplemented with 40 μM cellu-

lase fluorogenic substrate fluorescein-di-β-cellobioside as 

the aqueous phase. The flow rates were 650 and 1000 μL/h 

for the aqueous and oil phases, respectively. The uniform 

droplets were generated using the microfluidic drop-making 

device (kindly provided by Harvard University) at a speed 

of hundred–thousand per hour with a diameter of 100 μm 

(Supplementary Movie 1). Droplets were then collected into 

1-mL syringes (BD Biosciences, USA) and moved to 30 °C 

culture incubator for desired period.

After incubation, the droplets were reinjected into the 

microfluidic sorting device (kindly provided by Harvard 

University) at optimized flow rates of 20 μL/h and 1000 

μL/h for droplets and spacing oil (HFE7500, 3M, Minnesota, 

USA), respectively. In the sorting device, the droplets were 

excited with a laser, and the resulting florescence signals 

were detected by the droplet microfluidic system constructed 

in the previous study [29]. Droplets exhibiting high levels of 

fluorescence, which suggested high-cellulase activity, were 

sorted for subsequent experimental verification.

Verification of mutants by PCR

The sorted colonies were verified through PCR assays. The 

sorted colonies were inoculated into liquid PDA media and 

cultivated at 30 °C for 48 h. Then, the cultivated mycelium 

was collected for genomic DNA isolation. Genomic DNA 

was extracted from mycelia using fungi DNA isolation kit 

(Tiangen, China) following the manufacturer’s manual. PCR 

assays were performed in an Eppendorf Master Cycler PCR 

System (Eppendorf, Germany) according to the manufac-

turer’s instructions. Each reaction mixture contained 1 μL 

genomic DNA (50 ng/μL), 10 μL mix (Vazyme, China), 

0.2 μL each PCR forward and reverse primers (10 μM), and 

nuclease-free water to a final volume of 20 μL. The PCR 

protocol was as follows: 30 s of initial denaturation at 95 °C, 

30 s of annealing at 55 °C, and 30 s of extension at 68 °C for 

25 cycles. Actin primers [11] or hygromycin primers (hph-

F: 5′-CGT TGC AAG ACC TGC CTG AA-3′; hph-R: 5′-CTC 

CAT ACA AGC CAA CCA CGG-3′) were used to verify the 

sorted colonies.

ARTP mutation

Atmospheric and room-temperature plasma (ARTP) muta-

tions were induced according to the following procedure. 

Spores from 7-day-old fungal culture plates were collected 

using sterilized distilled–deionized  H2O and filtered through 

three-layer lens paper. The resulting spore suspension was 

diluted to a density of  107 spores/mL. Next, 10 μL of each 

diluted spore suspension was spread on a sterilized steel 

dish and exposed to a helium gas flow for 90 s at a distance 

of 2 mm from a plasma reactor and then transferred into 

1 mL of distilled water. The ARTP mutation procedure was 

repeated ten times until a total spore suspension volume of 

100 μL was treated, and all treatments were eluted altogether 

into 1 mL of distilled water. Following ARTP treatment, the 

spores were pre-cultured at 30 °C for 6 h prior to droplet 

encapsulation.

Results and discussion

Detection of enzymatic activities during initial 
cultivation stages

The stability and fluorescence signal of the droplets are the 

key to establish droplet-based microfluidic screening. In 

T. reesei cultures, cellulase activity is generally detectable 

after 24 h cultivation in insoluble liquid medium [33], at 

which time hyphae from the germinated spores might exit 

the encapsulated droplets. The long induction time required 

for enzyme secretion conflicts with the rapid growth of fila-

mentous fungal hyphae in picoliter- or nanoliter-range drop-

lets. Therefore, we developed a culture medium that induced 

enough cellulase production during the very early stage of 

cell cultivation at which time the hyphae is shorter. Avicel 

is commonly used to induce protein production in T. reesei 

[35]. However, it is insoluble and may block the channel of 
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microfluidic devices. Therefore, it could not be uniformly 

encapsulated in microfluidic droplets. Soluble inducers for 

cellulase, namely cellulose-generated disaccharides such as 

sophorose, cellobiose, L-sorbose, and gentiobiose, are suit-

able to microfluidic system, but they are expensive in indus-

trial application. In contrast, lactose is the best cost-effective 

carbon source among the soluble inducers to induce cel-

lulase expression in T. reesei [2]. However, compared with 

cellulose, lactose is associated with lower cellulase yields 

and initial cellulase-producing rates. Therefore, the cellu-

lase activities in lactose-based medium during the very early 

cultivation period need to be evaluated. Additives such as 

Tween-80 were also reported to improve cellulase productiv-

ity in Trichoderma [34]. Thus, we added Tween-80 to the 

cellulase induction medium to accelerate cellulase produc-

tion during the very early cultivation stage. As shown in 

Fig. 1, cellobiohydrolase activities were detectable at the 

12-h cultivation time point when the cellulase-inducing 

medium only had 0.1% or 0.2% lactose as the carbon source. 

The cellobiohydrolase activities were further increased when 

additional Tween-80 was added to the medium. Notably, 

the cellobiohydrolase activities induced by 0.2% lactose and 

0.1% Tween-80 were at least 43% higher than by other media 

at 16 h cultivation time point. These results indicate that 

a modified cellulase induction medium might be used to 

induce enough cellulase production during very early culti-

vation time for picoliter-droplet-based microfluidic detection 

and screening.

Spore germination and fluorescence signal 
detection in picoliter‑range droplets

Filamentous fungi primarily secrete proteins at the hyphal 

tips [26]. During droplet cultivation, the hyphal tips grow 

rapidly after spore germination and puncture the droplets, 

leading to uncontrolled coalescence [4]. The strict incuba-

tion time presents a major limitation on the secretion of a 

sufficient amount of enzyme for screening. Therefore, both 

spore germination and hyphal growth must be monitored 

before sorting to prevent hyphae blocking channels of the 

microfluidic device. To ensure accurate control of the spore 

cultivation time in the droplets, we first examined the spore 

germination rates in a humid chamber. Here, 10 μL of each 

diluted spore suspension was placed on a slide, cultivated 

at 30 °C, and observed microscopically at different incuba-

tion times. Many DES-15 spores began to germinate at 6 h 

post-incubation (hpi), and the germination rate increased to 

nearly 100% at 10 hpi (Fig. 2a).

Next, we observed spore germination in the droplets. Due 

to the instability of droplets, we found that it is very difficult 

to encapsulate spores into the droplets when using a modi-

fied induction medium containing the surfactant Tween-80. 

Fig. 1  Detection of cellobiohydrolase activities at the very early 

cultivation stage. Cellobiohydrolase activities were measured using 

p-nitrophenyl-β-D-cellobioside as the substrate and assayed by meas-

uring the absorbance at 420  nm at the indicated time points. Error 

bars indicate SDs from three independently grown cultures

Fig. 2  Spore germination and fluorescence signal detection in picoliter-range droplets. a Spore germination rates in a humid chamber. b Fungal 

hyphal growth and fluorescence signal detection in droplets at different cultivation times. Scale bar, 50 μm
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Surfactants diffuse in water and adsorb at interfaces between 

air or oil and water [30]. Therefore, the cellulase induction 

medium including 0.2% lactose was used for further experi-

ments. Subsequently, spores were encapsulated in water-

in-oil droplets containing modified induction medium and 

cultivated at 30 °C. The germination patterns of spores in 

the droplets were similar to those of spores germinated in 

a moist chamber. After 10 hpi, all spores had germinated 

and the hyphae continued to extend until the tips reached 

the edges of the droplets at 12 h. As shown in Fig. 2b, green 

fluorescence signals became detectable at 12 h of cultiva-

tion. An observation of a 16-h culture revealed more obvious 

fluorescence signals and no extension of hyphae beyond the 

droplets (Fig. 2b).

Studies of T. reesei revealed that the process from spore 

germination to the detection of enzymatic activity requires 

approximately 24 h [17]. This long incubation time conflicts 

with rapid hyphal growth and thus presents a challenge. In 

this study, the cellulase-inducing medium was optimized 

and cellobiohydrolase activity could be detected at very 

early cultivation stages. Furthermore, obvious fluorescence 

signals and a lack of hyphal exit from the droplets were 

observed at 16 h of cultivation. Taken together, these results 

indicate that cellulase-producing strains could feasibly be 

screened using a droplet-based microfluidic method.

Proof‑of‑concept screening of an artificial mixed 
library

Next, a mixed library containing the high- and low-cellu-

lase production strains obtained in previous studies was 

pre-screened to verify the feasibility of this droplet-based 

microfluidic platform. The high-cellulase production strain 

DES-15 was obtained from T. reesei RUT C30 using diethyl 

sulfite mutagenesis [12] and the low-cellulase production 

strain ΔTrhfb3-cp was the complementary transformant 

derived from T. reesei RUT C30 carrying the hygromycin B 

phosphotransferase (hph) gene [11]. The ΔTrhfb3-cp strain 

had about 60% lower cellulase activity than that of DES-

15 (data not shown). Besides, the ΔTrhfb3-cp strain has a 

selectable hygromycin resistance marker which is easy to 

validate. The proportion of DES-15 in this mixed library was 

less than 10%. After 12 h cultivation at 30 °C, fluorescence 

signals were detectable in the droplets. Subsequently, the 

droplets were reinjected into the sorting device and excited 

with a laser at the sorting junction to enable florescence sig-

nal detection. Droplets with high levels of fluorescence were 

steered into the sorting channel using an electrical field, 

while unwanted droplets were moved to the waste channel 

and discarded.

The sorted droplets were spread on PDA plates and recov-

ered at 30 °C for 24 h. Next, grown colonies were picked and 

placed onto PDA with or without hygromycin to determine 

if cells were from strain ΔTrhfb3-cp or from strain DES-15. 

As shown in Fig. 3a, b, colonies that grew on PDA without 

hygromycin did not grow on PDA with hygromycin, indi-

cating that these colonies were derived from DES-15 rather 

than ΔTrhfb3-cp. The colonies were further confirmed by 

PCR using hph gene primers, which were unable to amplify 

the hph gene from the sorted colonies (Fig. 3c, d). The 

results indicated that this high-throughput screening meth-

ods based on a droplet-based microfluidic platform could 

feasibly screen cellulase-producing filamentous fungi.

Library mutagenesis and screening and shake‑flask 
fermentation assays

In the field of modern biotechnology, classical mutagenesis 

has been used to improve many producing strains [3]. Ran-

dom mutagenesis has been proved efficient for the improve-

ment of T. reesei strains [27]. The selection of improved 

producers among the huge number of variants in mutant 

libraries is a key issue. Based on the proof-of-concept 

screening results, we further tested the feasibility of the 

droplet-based microfluidic system for screening a library 

of random T. reesei mutants. A whole-genome-mutated 

T. reesei library was constructed using an ARTP mutation 

protocol. In our previous study, the high-cellulase producer 

DES-15 was obtained by DES mutagenesis using the lethal-

ity of 85% [12]. Therefore, the ARTP lethality rate was also 

optimized to reach approximately 85% of spores at a pro-

cessing time of 90 s. After mutation, the spores were initially 

cultured in 1.5-mL Eppendorf tubes for 6 h, followed by 

droplet encapsulation and cultivation at 30 °C for 12 h. Sub-

sequently, the droplets were examined using fluorescence 

microscopy and sorted through the microfluidic system at a 

throughput rate of approximately 10,000 variants per hour 

(Supplementary Movie 2). The sorted droplets contain-

ing spores (including high-yield cellulase producers) were 

demulsified and spread onto PDA for verification.

Forty-one colonies were picked randomly and subjected 

to further cellulase determination. All 41 colonies were inoc-

ulated into fermentation medium, and the enzyme activi-

ties were determined. Twenty-two of the forty-one colonies 

exhibited higher enzyme activity levels than the parent strain 

DES-15 (Fig. 4a); the remainder did not (data not shown). 

Of the 22 improved strains, two mutants with the highest 

cellulase activities, A1 and A2, were subjected to further 

detailed analyses. The strain A1 and A2 exhibited improve-

ments of cellulase activity and extracellular protein when 

compared with the parent strain DES-15. After a 6-day cul-

tivation, they had about 27% and 46% of cellulase activity 

increased than the DES-15, respectively, (Fig. 4b, c).

The results of this study suggest that a strong green 

fluorescent signal in the droplets at the very early 

stage of germination does not necessarily indicate a 
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high-cellulase-producing ability. The coupling of fungal 

growth, enzyme secretion, and fluorogenic substrate-derived 

cellobiohydrolase activity makes it difficult to reliably distin-

guish mutants exhibiting different levels of enzyme activity 

at the assay endpoint. A similar phenomenon was reported in 

the studies of screening strategy-coupled fluorescence signal 

in other filamentous fungi [4, 8]. In addition, if the differ-

ences in enzyme activities between the parent and mutant 

strains are small, deviations in single-droplet detection may 

also increase the possibility that mutant strain may exhibit 

a similar or lower enzyme activity than that of the parent 

strain after sorting. To overcome this limitation and obtain 

the best-performing strains, the separated variants can be 

re-encapsulated in droplets for several rounds of sorting. In 

some cases, however, the differences in enzyme activities 

between the parent and mutant strains are sufficiently obvi-

ous that the percentage of producing strains after sorting 

may reach 100%, as observed when the high-cellulase-pro-

ducing strain DES-15 was sorted from an artificial library 

containing DES-15 and the low-cellulase-producing strain 

ΔTrhfb3-cp. Therefore, in a modern industrial biotechnol-

ogy setting, this high-throughput screening method is more 

suitable for isolating filamentous fungal strains with high-

yield improvements.

In the past 40 years, tremendous efforts have been made 

towards improving the traditional mutagenesis methods and 

isolating enhanced filamentous fungal strains capable of 

producing high yields of cellulase. Normally, hyperproduc-

ing strains of major cellulase-producing filamentous fungi, 

such as Trichoderma and Penicillium, were identified using 

a combination of visible halo examination and one-by-one 

enzymatic activity determination methods [5, 6, 16, 21, 22]. 

However, this random screening method is labor-intensive 

and time-consuming and is used for the blind selection of 

hundreds of mutants. The lack of high-throughput and effi-

cient screening methods has hindered the improvement of 

cellulase-producing filamentous fungal strains. Our newly 

constructed, droplet-based, microfluidic high-throughput 

screening method could potentially accelerate the improve-

ment of filamentous fungi. In the present study, we have 

provided a proof-of-concept of this droplet-based microflu-

idic method by demonstrating the ability to sort strains with 

a higher cellulase-producing capacity from both artificial 

pre-mixed and ARTP-mutated libraries at a throughput rate 

Fig. 3  Pre-screening of an 

artificial mixed library. a 

Growth of sorted colonies 

(sort1-6) and reference strain 

ΔTrhfb3-cp on potato dextrose 

agar (PDA) plates. b Growth of 

sorted colonies (sort1–6) and 

reference strain ΔTrhfb3-cp on 

PDA plates containing 100 mg/

mL hygromycin. c Diagram of 

colony distribution on the plate. 

Sort1–6 represent isolated DES-

15 colonies from the artificial 

mixed library. d PCR confir-

mation of the sorted colonies. 

Lane 1–6 represent the sorted 

colonies. Top, PCR using actin 

primers; bottom, PCR using 

hygromycin primers
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of 10,000 strains per hour. The validity of this method was 

further confirmed through shaking-fermentation assays. 

The entire screening process could be reduced from weeks 

to hours while decreasing the costs of related reagents and 

consumables by a million-fold, compared to the traditional 

methods [19]. Compared with a recently published FACS-

based method for screening T. reesei [8], our newly devel-

oped droplet-based microfluidic method avoids the require-

ment for extra gene manipulation to express exogenous 

fluorescent proteins either within or on the surfaces of cells 

prior to sorting. This change could improve the production 

of strains that are difficult to manipulate genetically or of 

industrial strains that should not be modified through genetic 

engineering.

Conclusions

In this study, a novel cellulase high-throughput screen-

ing approach involving a droplet-based microfluidic plat-

form was proposed and established in T. reesei. Compared 

with the traditional screening methods, this method greatly 

increases the screening speed while significantly reducing 

labor, time, and other experimental costs. More importantly, 

this high-throughput screening strategy could be applied 

to the industrial modification of other filamentous fungal 

strains.
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