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Trichoderma reesei is used to produce saccharifying enzyme cocktails for bio-

fuels. There is limited understanding of the transcription factors (TFs) that

regulate genes involved in release and catabolism of L-arabinose and D-galac-

tose, as the main TF XYR1 is only partially involved. Here, the T. reesei

ortholog of ARA1 from Pyricularia oryzae that regulates L-arabinose releas-

ing and catabolic genes was deleted and characterized by growth profiling

and transcriptomics along with a xyr1 mutant and xyr1/ara1 double mutant.

Our results show that in addition to the L-arabinose-related role, T. reesei

ARA1 is essential for expression of D-galactose releasing and catabolic genes,

while XYR1 is not involved in this process.

Keywords: D-galactose; L-arabinose; lignocellulose degradation;

metabolism; regulation; Trichoderma reesei

Trichoderma reesei is one of the most exploited fungi by

the biotechnology industry, especially for production of

plant biomass-degrading (PDB) enzymes [1]. Plant bio-

mass is composed of three major polysaccharides (cellu-

lose, hemicellulose, and pectin) [2] and while several

regulators for cellulose degradation have been charac-

terized, there is only a limited number of characterized

T. reesei regulators of degradation of the latter two

polysaccharides besides xylan [3]. A better understand-

ing of the regulatory system for plant biomass degrada-

tion is required for future strain improvement [4]. In

particular, there is limited understanding of the regula-

tion of genes involved in L-arabinose and D-galactose

release from plant biomass and subsequent catabolism.

L-arabinose is the third most abundant monosaccha-

ride in lignocellulosic plant biomass [5,6], and it is

catabolized by filamentous fungi through the pentose

catabolic pathway (PCP; Fig. S1) [7,8]. D-galactose is

also present in most plant biomass and this monosac-

charide also forms with D-glucose the disaccharide lac-

tose, which is the only cheap and soluble inducer of

(hemi)-cellulolytic enzymes in T. reesei [4]. D-galactose,

depending on the fungal species and growth condi-

tions, is catabolized through the oxidoreductive path-

way [9,10] and/or the Leloir pathway [11,12] (Fig. S1).

These three metabolic pathways are conserved in fila-

mentous fungi, but the enzymes that catabolize the

reactions can differ in number and type of activity,

depending on the species [13].

Only two L-arabinose-responsive regulators have

been characterized in fungi: AraR in Aspergilli [14]

and recently ARA1 [15] in the rice-blast fungus
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Pyricularia oryzae (Magnaporthe oryzae) showing dif-

ferences and similarities in function [3,15–17]. AraR

and ARA1 both control the arabinanolytic system

and L-arabinose catabolism in their respective species,

but in Aspergilli the full control of pentose utilization

is shared with the (hemi-)cellulolytic regulator XlnR

[16], while this is not the case in P. oryzae [15]. In

P. oryzae, ARA1 fully controls the L-arabinose cata-

bolism and its release from plant biomass, apparently

without any requirement for XLR1 [15]. ARA1 and

AraR are not sequence orthologs. ARA1, which is

present in three classes (Sordariomycetes and Leo-

tiomycetes), has low sequence identity and clusters

separately in a phylogenetic analysis to AraR, which

is present only in the Eurotiomycetes [3]. Although

ARA1 is widely distributed, it has only been charac-

terized in the plant pathogen P. oryzae, and has not

been characterized in any saprobic fungus, such as

T. reesei.

For D-galactose, the regulation of its releasing and

catabolic enzymes is poorly understood [18], but differs

from Saccharomyces spp. [19,20]. D-galactose-responsive

regulators, so far, have been described only in Aspergilli

(GalX [21] and GalR [3,17,22]) and Saccharomyces spp.,

with the Gal1/Gal3-Gal4-Gal80-dependent regulatory

circuit that does not exist in filamentous fungi

[19,20,23]. Trichoderma reesei XYR1 (ortholog of

XlnR) is (partially) involved in D-galactose response,

based on studies using lactose [18,24–26] instead of

D-galactose. In this context XYR1 is mainly controlling

(hemi)-cellulolytic gene expression [3,18,24,25,27,28].

There are no transcriptional studies in T. reesei of the

role of XYR1 or any other regulator in response to

D-galactose alone, whereas at an enzymatic level,

D-galactose alone induces the production of cellulases at

low growth rates [27].

In T. reesei, XYR1 is only partially involved in the

regulation of L-arabinose utilization, regulating abf2,

bxl1 [a b-xylosidase (BXL) with a separate a-L-arabi-
nofuranosidase (ABF) domain], xyl1, and slightly abf1

and abf3 [29]. Although no other TFs have been iden-

tified, the presence of a specific arabinanolytic regula-

tor in T. reesei has been suggested [7,29].

Furthermore, three T. reesei enzymes involved in the

PCP (XYL1, LAD1, and XDH1) are also involved in

D-galactose catabolism [13] (Fig. S1). We hypothesize

that ARA1 is the main regulator in L-arabinose utiliza-

tion [3] and would respond to both L-arabinose and

D-galactose. In this study, we tested this hypothesis by

characterizing a deletion strain of ARA1 through

growth profiling and transcriptomics on L-arabinose

and D-galactose, and also demonstrate that XYR1 is

not involved in the response to D-galactose.

Materials and methods

Strains, media, and growth conditions

Trichoderma reesei QM9414 ATCC 26921 [30] was used as

reference strain in all experiments. All T. reesei plate cul-

tures were incubated at 28 °C on PDA (Difco, Boom BV,

Meppel, the Netherlands) for sporulation, or minimal med-

ium (MM) [31] with 18 g�L�1 Select agar (Invitrogen,

Carlsbad, CA, USA) during the transformation or growth

profiling (in this case Na-citrate was removed). The growth

profile was performed on MM with 25 mM D-glucose,

L-arabinose, D-xylose, D-galactose, 1% arabinogalactan, 1%

arabinan, and 1% arabinoxylan in 9-mm Petri dishes.

Duplicate plates were inoculated with 2 lL containing

1 9 103 spores, which were pregerminated overnight in

MM with 1% fructose and 0.1% peptone, and incubated in

the dark for at least 5 days at 28 °C. Pregermination facili-

tates reproducible growth on C sources where T. reesei

spores germinate infrequently or do not germinate. D-Fruc-

tose was used for the pregermination as it did not appear

to cause a strong CRE1 repression effect in contrast to

D-glucose (data not shown). Independent deletion strains

for the same gene were generated, confirmed by molecular

methods, and tested for growth on a subset of C-sources to

confirm the reliability of attributing the observed pheno-

types to deleted gene (data not shown). We selected one

strain for each deletion to use in further studies and depos-

ited these at the Westerdijk Fungal Biodiversity Institute

collection, with strain numbers CBS143330 (Dara1) and

CBS143331 (Dxyr1Dara1).
A transfer experiment was performed for transcriptomics.

250 mL of complete medium (CM) [32] containing 2% D-

fructose in 1-L Erlenmeyer flasks was inoculated with

2.5 9 108 fresh spores, harvested from a PDA plate, and

incubated in a rotatory shaker at 28 °C for 20 h at

250 r.p.m. The mycelium was harvested by filtration,

washed with liquid Mandels Andreotti medium (MA) [33]

(without carbon source) and 2.5 g mycelium (wet weight)

was transferred to 250-mL Erlenmeyer flasks containing

50 mL MA with 25 mM D-galactose or L-arabinose, and

incubated in a rotatory shaker at 28 °C and 250 r.p.m. After

2 h of incubation, the mycelium was harvested by vacuum

filtration, dried between tissue paper, directly frozen in liq-

uid nitrogen, and stored at -45 °C, as previously described

[15]. All experiments were performed in duplicates.

Molecular biology methods

The T. reesei ara1 gene was identified as previously

described [3]. The hygromycin BR cassette was amplified

from the plasmid pLH1hph [19] and fused with 1 kb flank-

ing regions up- and downstream of the ara1 gene by

fusion-PCR and purified as described by Klaubauf et al.

[15]. This ara1 deletion cassette was used to transform
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spores of T. reesei QM9414 Dtku70 [34] (single mutant) or

T. reesei QM9414 Dxyr1 [35] (double mutant) by electropo-

ration as described by Schuster et al. [36], using a Bio-Rad

Gene Pulser Electroporator System (Veenendaal, the Neth-

erlands) set at 1.8 kV, 800 Ω and 25 lF. DNA from trans-

formants was screened by PCR for the absence of ara1 and

the correct positioning of the insert as described by Klau-

bauf et al. [15]. The absence of ectopic integrations was

confirmed by Southern blot (Fig. S2) using DIG Easy Hyb

kit (Roche, Woerden, the Netherlands) and Anti-Digoxi-

genin-AP, Fab fragments (Roche) with a probe designed to

hybridize to part of the hygromycin resistance gene

sequence and amplified with the PCR DIG Probe Synthesis

Kit (Roche), according to the manufacturer protocols. Pri-

mers used for PCR reactions are listed in Table S1. Total

RNA was extracted from mycelium, purified, and checked

for quality as described previously [15].

RNA sequencing and read mapping

RNA samples (5–41 lg DNase-treated total RNA) were

processed by GenomeScan (Leiden, The Netherlands)

according to the company’s workflow pipeline. The sam-

ple preparation was performed according to the protocol

‘NEBNext Ultra Directional RNA Library Prep Kit for

Illumina’. The size of the library was between 300–
500 bp, a concentration of 1.6 pM of DBA was used for

sequencing via Illumina NextSeq 500. On average 75 bp

reads were constituted, producing ~ 450 MB raw yields

for each sample. Raw reads were produced from the orig-

inal image data by base calling with the Illumina data

analysis pipeline RTA v2.4.11 and BCL2DASTQ v2.17. After

data filtering, the adaptor was trimmed using TRIMMO-

MATIC v0.30 [37]. Clean reads were mapped to the genome

of T. reesei QM6A v.2 (http://genome.jgi.doe.gov/Trire2/

Trire2.home.html) using Tophat [38] with a default mis-

match rate of 2%. Reads were mapped to the genes using

HTSeq-count [39] with option stranded as reverse for

counts. In total, 90% of the reads mapped to the genome

and 79% mapped to the genes. Additionally, FPKM val-

ues were calculated using Cufflinks [40] with default

options. The RNA-seq data have been submitted to Gene

Expression Omnibus (GEO) [41] with accession number:

GSE104606.

RNA-seq data analysis

DESEQ2 v1.16.1 [42] was used to determine which genes were

differentially expressed (DE) between pairs of conditions.

The parameters used to call a gene DE between conditions

were adjusted to P-value < 0.05 and a fold change > 2.5

(DESeq2 log2 fold change > 1.32). Also, genes with FPKM

< 15 in the reference strain were considered too lowly

expressed and then excluded from the sets of DE genes in

the mutants on the same sugar. Transcriptomics analysis

focused only on genes encoding CAZy, carbon catabolic

enzymes and TFs (Table S2). The CAZy gene set was made

by combining the annotations from Hakkinen et al. [43] with

the annotations from the JGI database (http://genome.jgi.d

oe.gov/mycocosm/annotations/browser/cazy/summary;ff

mgHL?p=Trire2), and then selecting only the PBD

CAZymes. Trichoderma reesei carbon catabolic genes were

identified by orthology with the carbon catabolic genes of

Aspergillus niger CBS 513.88 using orthoMCL. The parame-

ters for detecting orthoMCL clusters were according to Li

et al. [44], using inflation factor 1, E value cutoff 1 E–3, per-
centage match cutoff 60% [45] and the final set was manu-

ally curated based on literature [13]. The T. reesei

transcription factors (TF) were those identified previously

by Benocci et al. [3]. These genes previously identified as DE

were used for the Venn diagrams (Figs 2–4) and the heatmap

(Fig. S4). Venn diagrams were generated using VENNDIAGRAM

1.6.17 and GRIDEXTRA 2.2.1 package, the heatmap was gener-

ated using HEATMAP.2 function from GPLOTS_3.0.1 package in

R statistical language and ENVIRONMENT 3.4.0 [46].

Results and Discussion

Growth of Dara1 mutant reduced on L-arabinose

and abolished on D-galactose

Three T. reesei deletion mutants (Dxyr1, Dara1, Dxyr1-
Dara1) were phenotypically screened by growth profiling

using various carbon sources including L-arabinose and

D-galactose monomers as well as polymers that these

monomers compose, and compared to the reference

strain QM9414 (Fig. 1). Deletion of ara1 affected the

growth on D-galactose stronger than L-arabinose and

arabinan. It reduced growth on L-arabinose and arabi-

nan, resulting in a smaller and thinner colony, and abol-

ished growth on D-galactose, but did not affect growth

on D-xylose. The effects on growth on these carbon

sources were also analyzed in the Dxyr1 mutant. Similar

to the ara1 deletion, deletion of xyr1 reduced growth on

L-arabinose and arabinan, as previously shown by Akel

et al. [29]. In contrast to the deletion of ara1, deletion of

xyr1 severely reduced growth on D-xylose, but did not

affect growth on D-galactose. This is similar to what was

observed in P. oryzae, where deletion of xlr1 severely

reduced growth on D-xylose [47], while ARA1 is

required for growth on L-arabinose and arabinan [15].

The effect of an ara1 deletion on growth on D-galac-

tose in P. oryzae cannot be studied because this fun-

gus cannot grow on D-galactose as a single carbon

source.

In T. reesei, the reduced growth of both Dxyr1 and

Dara1 on L-arabinose suggested combined regulation

and this prompted us to delete ara1 in the Dxyr1
background, especially as this was not done previously
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in P. oryzae. The double deletion (Dxyr1Dara1) abol-

ished growth on L-arabinose and D-xylose (Fig. 1).

The pattern discerned from the T. reesei double dele-

tion showed that the presence of either XYR1 or

ARA1 is essential for growth on these pentoses and

that there were no other compensating TFs able to

support growth. This is the same as in A. niger

[14,48], where deletion of both XlnR and AraR (which

is a functional but not genetic ortholog of ARA1 [3])

abolished growth on L-arabinose and D-xylose. Sur-

prisingly, the double deletion (Dxyr1Dara1) did not

abolish, but only reduced growth on the polymers ara-

binan, arabinogalactan and arabinoxylan. This could

be explained by small amounts of sugars other than L-

arabinose and D-galactose in these polymers, which

may support limited growth. According to the manu-

facturer, arabinan contains 1.4% of L-rhamnose and

0.7% of galacturonic acid and arabinoxylan contains

less than 1% of D-glucose and D-mannose. Alterna-

tively, these saccharides or growth on polymeric sub-

strates could induce other TFs that compensate for

the loss of XYR1 and ARA1.

The difference in how ARA1 functions in L-arabi-

nose and arabinan utilization in T. reesei and

P. oryzae, whereby only P. oryzae ARA1 was essen-

tial for growth on those carbon sources, could partly

Refe
ren

ce

Δxy
r1

Δara
1

Δxy
r1Δ

ara
1

No carbon source

25 mM D-glucose

25 mM D-galactose

25 mM D-xylose

25 mM L-arabinose

1% Arabinogalactan

1% Arabinan

1% Arabinoxylan
Fig. 1. Growth profile of

Trichoderma reesei mutants. Plates

were incubated for 5 days, except for

D-galactose plates (10 days).
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be due to the different lifestyles of these fungi. A

saprobe (T. reesei) may have more redundancy in

regulators to adapt to different environments than a

plant pathogen (P. oryzae) that is specialized to its

hosts with only one regulator. This has already been

speculated for the orthologs of XlnR/XYR1/XLR1

from fungi with different lifestyles [3,49]. A technical

factor of note is that the T. reesei spores were

pregerminated, whereas A. niger and P. oryzae [15]

spores were inoculated on carbon sources without

any pregermination. After confirming our initial

hypothesis that ARA1 is involved in regulating the

response to both L-arabinose and D-galactose by

finding reduced or abolished growth of the mutants

on these sugars, we then analyzed for which genes

the expression was affected by these mutants during

growth on these sugars.

Transcriptomics showed that ARA1 regulates

genes involved in D-galactose catabolism/

conversion in addition to L-arabinose utilization

Mycelia from precultures were transferred to medium

containing either L-arabinose or D-galactose and sam-

pled after 2 h for transcriptomic analysis. Duplicate

samples were highly reproducable (Figure S3). The

transcriptomic analysis focused only on genes encoding

CAZymes, carbon catabolic enzymes and TFs involved

in plant biomass utilization (Table S2), which were

downregulated compared to QM9414 in either of the

sugars (Table S2). In total, 10 genes were downregu-

lated on both monomers, 13 genes only on L-arabinose,

and 1 gene only on D-galactose (Fig. 2, Table S2). The

shared set of 10 genes consisted of seven catabolic

genes (pdc1, gal7, lxr4, lad1, lxr3/gld1, xdh1 and xki1;

involved in PCP, D-galactose oxidoreductive pathway

or the Leloir pathway), one b-galactosidase (bga1), one

a-galactosidase (agl2), and one ABF (abf3). The 13

genes downregulated in Dara1 only on L-arabinose con-

sisted of three catabolic genes (gal1, putative glycolytic

aldose 1-epimerase/mutarotase (AEP) Trire2_120784

and putative gaaB orthologs Trire2_104599), two ABFs

(abf1 and abf2), one AGL (agl1), one putative AGL/

a-glucuronidase (Trire2_76852), one putative endo-

b-galactanase (Trire2_110894), two putative pectinases

(Trire2_103049 and rgx1), one putative a-xylosidase
(Trire2_69944), one xyloglucanase (XEG) (cel74a), and

the secondary metabolism repressor xpp1 [50]. One

gene [Trire2_80920, putative alcohol dehydrogenase

(ADH) adh1] was downregulated only on D-galactose,

possibly due to an indirect effect because the downreg-

ulation was small at less than threefold (Table S2).

When the genes regulated by ARA1 on one or

both sugars are analyzed from the perspective of

the sugars they utilize, this shows that ARA1 regu-

lates genes involved in D-galactose in addition to L-

arabinose release and catabolism along with genes

involved in pectin backbone utilization. Of the 24

genes regulated by ARA1, 10 genes are involved in

D-galactose release and catabolism, seven genes are

involved in L-arabinose release and catabolism and

four genes are involved in pectin backbone release

and catabolism. This is the first report of ARA1

regulating enzymes involved in D-galactose release

and catabolism. Regulation of genes involved in

pectin backbone release and catabolism was found

also for A. niger AraR [17,51,52], matching with the

composition of pectin where D-galacturonic acid,

L-arabinose, and D-galactose are the predominant

saccharides [53–55].

Trire2_123283; abf1
Trire2_76210; abf2
Trire2_72632; agl1
Trire2_76852; candidate AGL/AGU
Trire2_69944; candidate AXL
Trire2_103049; candidate PGA
Trire2_122780; candidate rgx1
Trire2_110894; candidate GLN
Trire2_49081; XEG cel74a
Trire2_74122; gal1
Trire2_120784; candidate AEP
Trire2_104599; gaaB ortholog
Trire2_122879; xpp1

Trire2_80920; candidate adh1

Trire2_55319; abf3
Trire2_80240; bga1
Trire2_124016; agl2
Trire2_111074; gal7
Trire2_22771; lxr4
Trire2_49753; lad1
Trire2_60033; lxr3/gld1
Trire2_81271; xdh1
Trire2_123288; xki1
Trire2_121534; pdc1

Fig. 2. Comparison of genes regulated by ARA1 in L-arabinose and D-galactose. Genes regulated (> 2.5-fold change, > 15 FPKM in reference

strain, P-value < 0.05) by ARA1 in both conditions are shown. Genes are listed in the order of PBD, catabolic and TF gene categories,

whereby listed first in each category are those genes involved in L-arabinose or D-galactose release or catabolism.
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ARA1 and XYR1 coregulate L-arabinose response,

but ARA1 has a larger impact in L-arabinose

utilization

The growth profile suggested that both ARA1 and

XYR1 coregulated the response to L-arabinose,

whereby growth was reduced in each single mutant on

L-arabinose and arabinan and abolished in the double

mutant on L-arabinose. In order to investigate the rela-

tive regulatory contribution of ARA1 and XYR1 in

response to L-arabinose, the transcriptomes from the

three mutants (Dxyr1, Dara1, Dxyr1Dara1) on L-arabi-

nose after 2 h were analyzed. The transcriptomics

showed that both XYR1 and ARA1 regulate genes in

response to L-arabinose (Fig. 3). The genes that are

involved in L-arabinose utilization are either regulated

by only ARA1 or both TFs, with one exception (xyl1)

regulated by only XYR1. Of the 13 genes that were

regulated only by ARA1, four are involved in L-arabi-

nose release and catabolism (three PCP genes, lad1,

lxr3, xdh1, and one ABF abf3), along with genes

involved in D-galactose release and catabolism (gal7,

lxr4, gal1, lad1, xdh1, putative BGA Trire2_76852,

agl1, and agl2). Of the nine genes regulated by both

TFs, three genes are involved in L-arabinose release

and catabolism (one PCP gene xki1 and two ABFs

abf1 and abf2). This was previously reported for

XYR1, with respect to abf2 and to a lesser extent

abf1, but not for xki1 [7,29]. The genes regulated by

both also included two D-galactose-releasing enzymes

(bga1 and Trire2_110894), two D-xylose-releasing

enzymes (cel74a and Trire2_69944), one pectinase

(Trire2_103049) and the TF xpp1 (secondary metabo-

lism repressor. The 11 genes that were regulated only

by XYR1 encode mainly xylanases along with bxl1

(described as BXL with a separated ABF activity) and

D-xylose reductase (xyl1), which were shown previ-

ously to be regulated by XYR1 in L-arabinose [29].

The cre1 gene was the only one (of the gene categories

analyzed) that was downregulated more than 2.5-fold

in the Dxyr1Dara1 strain, possibly due to an indirect

effect.

Direct comparison of the expression level between

the two single mutants of the genes regulated by both

ARA1 and XYR1 (Table S2, Table 1, Fig. S4) showed

that the expression was significantly lower in Dara1 for

two of the three genes involved in L-arabinose utiliza-

tion (abf1 and abf2). The third gene involved was the

xylulokinase xki1, where both regulators contributed

similarly. The xki1 expression in the Dxyr1Dara1
mutant was significantly lower compared to each single

mutant indicating an additive effect of the TFs on the

regulation of xki1 (Table S2). Although the literature

indicated that XYR1 was partially involved in regulat-

ing L-arabinose utilization during growth on L-arabinose

Trire2_120784; candidate AEP

Trire2_55319; abf3
Trire2_72632; agl1
Trire2_124016; agl2
Trire2_122780; candidate rgx1
Trire2_76852; candidate BGA/GUS
Trire2_74122; gal1
Trire2_11107; gal7
Trire2_49753; lad1
Trire2_22771; lxr4
Trire2_60033; lxr3/gld1
Trire2_81271; xdh1
Trire2_121534; pdc1
Trire2_104599; gaaB ortholog

Trire2_120117; cre1

Trire2_121127; bxl1/xyl3a
Trire2_123818; xyn2/xyn11a
Trire2_111849; xyn4
Trire2_121418; aes1
Trire2_3739; candidate BXL/ABF
Trire2_73643; candidate LPMO/egl4/cel61a
Trire2_72526; glr1/agu1
Trire2_54219; candidate AXE
Trire2_121661; candidate AEP
Trire2_107776; xyl1
Trire2_48178; ugmA ortholog

Trire2_123283; abf1
Trire2_76210; abf2
Trire2_80240; bga1
Trire2_103049; candidate PGA
Trire2_110894; candidate GLN
Trire2_69944; candidate AXL
Trire2_49081; XEG/cel74a
Trire2_123288; xki1
Trire2_122879; xpp1

Fig. 3. Comparison of genes downregulated by the three mutants (Dxyr1, Dara1, Dxyr1Dara1) on L-arabinose. Genes downregulated (> 2.5

fold change, > 15 FPKM in reference strain, P-value < 0.05) in each mutant in L-arabinose are shown. Genes are listed in the order of PBD,

catabolic and TF gene categories, whereby listed first in each category are those genes involved in L-arabinose or D-galactose release or

catabolism.
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or arabinan [7,29], the Dara1 mutant we made allowed

us to clearly show that ARA1 in response to L-arabinose

is the main regulator. ARA1 regulates most of the genes

for L-arabinose utilization, with the exception of the first

and last step of L-arabinose catabolism, controlled

respectively by XYR1 and both TFs (Table S2, Fig. S4,

Table 1). In addition, our study confirms that the arabi-

nanolytic enzyme BXL1 is regulated only by XYR1 [29]

(Table S2, Fig. S4, Table 1). With regard to regulation

of TFs in the single mutants, it is of note that xyr1 was

not DE in Dara1 or ara1 DE in Dxyr1 in response to

either L-arabinose or D-galactose (Table S2). There-

fore, the genes DE in each mutant are not due to an

indirect effect from altered expression of xyr1 or

ara1.

ARA1, but not XYR1, regulates PBD CAZymes

and metabolic genes in response to D-galactose

Whether there was coregulation by ARA1 and

XYR1 of the response to D-galactose (in a similar

manner to the coregulated response to L-arabinose)

Table 1. Summary table with DE genes in L-arabinose. DE genes downregulated in L-arabinose and their main regulator(s) are shown. In

bold is marked the main regulator, while in brackets and smaller font the regulator which has a minor impact. Impact of each regulator is

according to log2 fold change by direct comparison of the two single mutants (Dara1 Vs Dxyr1; Table S2). / = both ARA1 and XYR1 have

the same impact in regulation, + = both ARA1 and XYR1 are required for transcription of target gene (gene is DE only in Dxyr1Dara1),

AR = gene involved in L-arabinose release; AC = gene involved in L-arabinose catabolism, GR = gene involved in D-galactose release,

GC = gene involved in D-galactose catabolism, AGC = gene involved in L-arabinose and D-galactose catabolism.

Regulator Trire2_ID

Monomer release

and catabolism Annotation (gene name)

Dara1 vs Dxyr1

log2 fold change

ARA1 (XYR1) 123283 AR ABF I (abf1) �5.61*

ARA1 (XYR1) 76210 AR Candidate ABF (abf2) �4.16*

ARA1 55319 AR Candidate ABF (abf3)

ARA1 (XYR1) 80240 GR BGA (bga1) �6.28*

ARA1 76852 GR Candidate BGA/GUS

ARA1 72632 GR AGL (agl1)

ARA1 124016 GR AGL (agl2)

ARA1 (XYR1) 110894 GR Candidate endo-b-1, 6-galactanase �3.87*

ARA1 (XYR1) 103049 GR Candidate PGA �6.15*

ARA1 122780 GR Candidate exo-rhamnogalacturonase (rgx1) �3.00*

XYR1 123818 Endo-b-1,4-xylanase (xyn2)

XYR1 111849 Endo-b-1,4-xylanase (xyn4)

XYR1 121127 AR BXL (bxl1)

XYR1 3739 Candidate BXL/ABF

ARA1 (XYR1) 69944 Candidate AXL/a-glucosidase �2.42*

XYR1 54219 Candidate AXE

XYR1 121418 Acetyl esterase (aes1)

XYR1 72526 AGU (glr1/agu1)

ARA1/XYR1 49081 XEG (cel74a) 0.06

XYR1 73643 Candidate LPMO (egl4/cel61a) 7.26*

XYR1 107776 AGC xyl1 3.17*

ARA1 49753 AGC lad1

ARA1 60033 AC lxr3/gld1

ARA1 81271 AGC xdh1

ARA1/XYR1 123288 AC xki1 0.58*

ARA1 22771 GC lxr4

ARA1 74122 GC gal1

ARA1 111074 GC gal7

XYR1 48178 ugmA ortholog

ARA1 104599 gaaB ortholog

ARA1 120784 AEP

ARA1 (XYR1) 121534 Pyruvate decarboxylase (pdc1) �1.93*

XYR1 121661 AEP

ARA1/XYR1 122879 xpp1 �0.45

ARA1 + XYR1 120117 cre1 0.045

*P-value < 0.05.
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was investigated by comparing the genes downregu-

lated in the single and double mutants in response

to D-galactose. Of 218 genes analyzed, none were

downregulated in Dxyr1 in response to D-galactose,

while 11 genes were regulated by ARA1, including

four D-galactose catabolic genes (lxr4, lad1, xdh1,

gal7) and two genes encoding D-galactose-releasing

enzymes (bga1, agl2; Table S2, Fig. 4). The D-xylose

reductase xyl1 was the only gene downregulated in

the double mutant, but not in Dara1 or Dxyr1, in

response to D-galactose, which indicates that a con-

tribution from both TFs may be required to regulate

xyl1.

Previous studies indicated that XYR1 was partially

involved in D-galactose release and catabolism

[3,25,28], but our analysis (Fig. 4, Table S2) clearly

showed that XYR1 did not regulate any PBD CAZyme

or metabolic genes in response to D-galactose, and that

instead ARA1 was the regulator responding to D-galac-

tose. In particular, transcriptomic analysis showed that

ara1 deletion caused the blockage of D-galactose cata-

bolism, downregulating both the Leloir and D-galactose

oxidoreductive pathways. The only exception is the

D-xylose reductase xyl1, which is regulated by only

XYR1 (Table S2, Fig. 4), which is consistent with pre-

vious studies [7,28,29]. This blockage may explain why

the Dara1 strain could not grow on D-galactose

(Fig. 1). Considering that most of the studies on

D-galactose regulation were performed on lactose

(where XYR1 was partially involved), this suggests that

lactose and D-galactose responses use (partially) differ-

ent mechanisms. In addition, our results clearly showed

that the main BGA bga1 (Trire2_ 80240) was regulated

by ARA1 on D-galactose (Fig. 4, Table S2). A previous

study of the T. reesei Dxyr1 mutant on lactose showed

that XYR1 mediates lactose induction and regulates

bga1 [24]. This suggests that the regulator of bga1 tran-

scription can differ depending on whether the inducing

sugar is lactose or D-galactose.

In conclusion, our results confirm the initial hypoth-

esis, where ARA1 is involved in both L-arabinose and

D-galactose utilization (Table 1). XYR1 is still neces-

sary for the full control of L-arabinose catabolism and

releasing enzymes, in agreement with previous reports

of XYR1 partially regulating L-arabinose utilization

[7,29]. However, we showed that ARA1 had the larger

regulatory impact on this pathway (Table 1, Table S2

and Fig. S4). In addition, ARA1 was essential for

D-galactose utilization in T. reesei, regulating both cat-

abolism and release. Previously, Kowalczyk et al. [17]

showed that the arabinanolytic regulator AraR in

Aspergillus nidulans was partially involved in D-galac-

tose catabolism, but not in D-galactose release. No reg-

ulators that primarily regulate D-galactose release and

catabolism have been shown to be involved in L-arabi-

nose release or catabolism [17,21,22]. This is the first

report of an L-arabinose- or D-galactose-responsive

regulator that is involved to similar extents in both

the release and catabolism of both L-arabinose and

D-galactose. This dual role of ARA1 in T. reesei

matches with the composition of lignocellulose in the

natural environment of T. reesei where both mono-

mers are generally present. Trichoderma reesei has

evolved a less complex regulation of the release and

catabolism of these monomers, in terms of the num-

ber of TFs required, than A. niger where this utiliza-

tion is regulated by two TFs GalX [21] and AraR

[16]. Additional investigations are needed in other

species to verify if this dual role of ARA1 (regulating

D-galactose utilization in addition to L-arabinose uti-

lization) is unique to T. reesei or is a common fea-

ture in all the fungal classes where ARA1 is present

(Sordariomycetes and Letiomycetes).
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