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1       Strain Improvement Programs Have Resulted in Multiple 
Chromosomal Alternations in the Genomes of  T. reesei  
Hypersecreting Mutants 

 QM6a was fi rst  collected   on the Solomon Islands during the Second World War 
(Mandels and Reese  1957 ). It was later renamed as  Trichoderma reesei  in honor of 
Elwyn T Reese, the lead investigator responsible for  the   identifi cation of QM6a as 
a good producer of cellulases (Peterson and Nevalainen  2012 ; Mukherjee et al. 
 2013 ). QM6a had been considered to reproduce asexually for many years. To 
enhance cellulase production, several hypersecreting mutants were generated via 
random mutagenesis. For example, QM9414 was selected after two rounds of irra-
diation in a linear particle accelerator (Vitikainen et al.  2010 ). RUT-C30 was gener-
ated via three mutagenesis steps (UV, N-nitrosoguanidine and UV). These mutants 
produced several times more cellulase than QM6a. RUT-C30 also exhibits a carbon 
catabolite derepression phenotype, as the glucose repressor  cre1  gene was found 
encode a truncated protein with only one of the two zinc fi nger motifs in the wild- 
type CRE1 protein (Ilmen et al.  1996 ). 

 QM9414 and RUT-C30 not only displayed an increase in cellulase production 
but also acquired many genetic alterations via the random mutagenesis programs. 
Electrophoretic karyotyping and Southern hybridization revealed extensive altera-
tions (i.e., deletions and rearrangements) on the chromosomes of  QM6a   and the 
hypersecreting mutants (Carter et al.  1992 ; Mantyla et al.  1992 ). Multiple genomic 
alternations have been identifi ed in the genomes of RUT-C30, QM9414 and several 
other hypersecreting mutants via high-resolution array-based comparative genomic 
hybridization (aCGH) (Vitikainen et al.  2010 ) and comparative genome sequence 
sequencing (Peterson and Nevalainen  2012 ; Martinez et al.  2008 ; Seidl et al.  2008 ; 
Le Crom et al.  2009 ; Koike et al.  2013 ). For example, the results of an aCGH experi-
ment revealed at least four and fi ve translocation breakpoints in the genomes of 
QM9414 and RUT-C30, respectively (Vitikainen et al.  2010 ). An in-depth align-
ment  of   RUT-C30 and QM6a scaffold sequences suggested that the RUT-C30 
genome might contain 11 translocations, 65 deletions, 455 nonhomologous regions 
and >2000 nucleotide mutations (Koike et al.  2013 ).  

2     Breaking the Barriers of Sexual Crossing 

 QM6a is a haploid strain with a   MAT1-2  mating type locus  . The opposite mating 
type locus was recently found in the  H. jecorina  CBS999.97 diploid, which is the 
only  T. reesei  wild isolate strain that is sexually competent under laboratory condi-
tions (Seidl et al.  2009 ). CBS999.97 sexual development generates two sexually 
compatible haploids, CBS999.97(1-1) and CBS999.97(1-2), which harbor the 
 MAT1-1  and  MAT1-2  mating-type locus, respectively. Although QM6a is a sterile 
female, it can act as a male gamete to mate with CBS999.97(1-1). Sexual crossing 
of CBS999.97(1-1) with either CBS999.97(1-2) or QM6a produces fruiting bodies 
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containing asci with 16 linearly arranged ascospores (the sexual spores specifi c to 
ascomycetes) (Seidl et al.  2009 ).  Using   classical genetic  and   molecular biology 
approaches, we have recently shown that the 16 ascospores in an ascus are gener-
ated via meiosis followed by two rounds of postmeiotic mitosis (Chuang et al. 
 2015 ). Meiosis is a special type of cell division in sexually reproductive organisms 
that gives rise to genetic diversity via interhomolog recombination between non- 
sister homologous chromosomes. The identifi cation of a QM6a mating partner has 
created new opportunities to further understand and improve this biotechnologically 
important fungus (Seidl et al.  2009 ).  

3     Sexual Crossing of CBS999.97(1-1) with Either 
CBS999.97(1-2) or QM6a Frequently Produces Segmental 
Aneuploidy (SAN) Ascospores 

 Our results (Chuang et al.  2015 ) have also revealed that sexual crossing of wild  type 
  CBS999.97(1-1)  with   wild type CBS999.97(1-2) or QM6a produced three different 
types of ascospores: (1) Euploidy ascospores that can germinate to form mycelia 
and produce green conidia (i.e., asexual spores). CBS999.97(1-1), CBS999.97(1-2) 
and QM6a are also euploidy and produce green conidia. (2) Viable SAN ascospores 
that germinate to form mycelia but produce white conidia; their genomes contain a 
~523 kb segmental duplication and a ~33 kb segmental deletion. The corresponding 
segments are referred to as the “D (duplicated)” segment and the “L (loss)” seg-
ment, respectively (Fig.  1 ). Notably, the  T. reesei  polyketide synthase 4 gene ( tpks4 ) 
is located within the L segment. The PKS4 protein products are responsible for the 
green conidial pigmentation in the wild type strains (Atanasova et al.  2013 ). We also 
found that duplication of the D segment results in an increase in xylanase (but not 
cellulase) production in these viable SAN progeny. Intriguingly, there is a 

  Fig. 1    Reciprocal exchange between scaffold M and scaffold 33. Scaffold M and scaffold 33 in 
CBS999.97(1-2,  wt ) and scaffold F and scaffold X in CBS999.97(1-1,  re ). Organization and length 
of the four segments (L, N, D and S) in these four scaffolds are indicated       
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carbohydrate- active enzyme (CAZyme) gene cluster in the D segment. This 
CAZyme gene cluster harbors a set of hemicellulases or xylanases ( abf1 ,  bga1 , 
 cip2 ,  cel74a  and  xyn3 ) (Hakkinen et al.  2014 ). (3) Non-viable SAN ascospores, 
which are unable to germinate. Their genomes likely contain two L segments but 
lack the D segment, which causes meiotic-drive ascospore lethality. The D seg-
ments in the genomes of QM6a and CBS999.97(1-2) consist of the 5′ terminus of 
scaffold 36 (15 genes, ~52 kb), scaffold 27 (130 genes and ~431 kb) and the 3′ ter-
minus of scaffold 28 (12 genes, ~40 kb). The D segment contains at least 113 anno-
tated genes,       including several putative essential genes such as an actin-like protein 
(protein ID 111468;   http://genome.jgi-psf.org/Trire2    ).

   These three types of ascospores are differentially distributed in three types of asci 
generated by sexual crossing of CBS999.97(1-1) with CBS999.97(1-1) or QM6a. 
The type I asci (~10 %) have 16 viable euploidy ascospores. The type II asci (~80 
%) have eight viable euploidy ascospores, four viable SAN ascospores and four 
non-viable SAN ascospores. Finally, the type III asci (~10 %) have eight viable SAN 
ascospores, eight non-viable SAN ascospores, but they lack euploidy ascospore.  

4     Identifi cation of a Novel Chromosome Arrangement 
in CBS999.97(1-1) 

 Investigation of the genomes of QM6a and CBS999.97(1-2) revealed that the three 
scaffolds (36, 27 and 28) are contiguous segments and together  form   a larger scaf-
fold “M”. Scaffold M is divided into the D segment and the “S” segment. Unlike the 
D segment, the S segment (~452 kb) is not duplicated in the viable SAN ascospores. 
The L segment is located at the 5′ portion of scaffold 33, whereas the 3′ portion 
(~173 kb) of scaffold 33 is referred to as the “N” segment (Fig.  1 ). 

 Notably, compared with the genomes of CBS999.97(1-2) and QM6a(1-2), a 
large chromosomal translocation or reciprocal exchange ( re ) was found at this 
region of the CBS999.97(1-1) genome. (1) The L segment connects with the S seg-
ment to form a new scaffold “X” in CBS999.97(1-1), and (2) the N segment physi-
cally links to the D segment,  thereby   forming another new scaffold “F” in 
CBS999.97(1-1) (Fig.  1 ). Accordingly, the two CBS999.97 haploid strains and 
QM6a are hereafter referred to as CBS999.97(1-1,  re ), CBS999.97(1-2,  wt  [ wild 
type ]) and QM6a(1-2,  wt ).  

5     The Ancestral  T. reesei  Genome Contains Scaffold M 
and Scaffold 33 

 The sexually competent CBS999. 97   diploid strain was isolated from a storage lake 
in French Guiana (Lieckfeldt et al.  2000 ). It was used to produce the CBS999.97(1- 1, 
 re ) haploid strain and the CBS999.97(1-2,  wt ) haploid strain via sexual development 
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(Seidl et al.  2009 ). QM6a(1-2,  wt ) was isolated on the Solomon Islands during the 
Second World War (Mandels and Reese  1957 ). Several other non-CBS999.97 hap-
loid strains were isolated from different geographical locations (Seidl et al.  2009 ). 
Using PCR and classic genetic approaches, we have shown that scaffold M and 
scaffold 33, but not scaffold X and scaffold F, were present in all nine non- 
CBS999.97 isolates examined (Chuang et al.  2015 ). These results indicate that the 
ancestral  T. reesei  genome likely contained scaffold M and scaffold 33 and that 
 scaffold   F and scaffold X evolved later in French Guiana via a chromosomal trans-
location between scaffold M and scaffold 33.  

6     Chromosome Arrangement Is Responsible 
for the Production of SAN Ascospores 

 Our fi ndings can be explained by classical genetics.    The type I asci are “parental 
ditype” (PD). Eight ascospores harbor scaffold M and scaffold 33, whereas the other 
eight ascospores harbor scaffold F and scaffold X. The type II asci and the type III 
asci are “tetratype” (TT) and “non-parental ditype” (NPD), respectively. When mei-
otic interhomolog recombination (or crossover) fails to occur at the translocational 
breakpoints between these four scaffolds (M, 33, X and F), PD and NPD can be 
produced simply by random chromosome segregation during MI. In contrast, TT is 
likely generated via a single crossover between scaffold M and scaffold X or between 
scaffold 33 and scaffold F. NPD can also arise from two crossovers between two of 
these four scaffolds. As our single ascospore isolation experiments revealed more 
type II “TT” asci (>80 %) than type I “PD” asci (~10 %) and type III “NPD” asci 
(~10 %), we suggest that meiotic interhomolog recombination occurs at a high fre-
quency between scaffold M and scaffold X or between scaffold 33 and scaffold F. 

 This hypothetic model had also been confi rmed by sexual crossing experiments 
using two homozygous haploids. We fi rst isolated two new haploid strains, 
CBS999.97(1-1,  wt ) and CBS999.97(1-2,  re ), from the type I asci generated from 
sexually crossing the two parental haploids, CBS999.97(1-1,  re ) and CBS999.97(1- 2, 
 wt ). Sexually crossing CBS999.97(1-1,  re ) with CBS999.97(1-2,  re ), CBS999.97(1- 1, 
 wt ) with CBS999.97(1-2,  wt ) or CBS999.97(1-1,  wt ) with QM6a (1-2,  wt ) gener-
ated asci with 16 viable euploidy. We conclude that genome heterozygosity caused 
by chromosome rearrangement is responsible for the production of viable and non- 
viable SAN ascospores (Chuang et al.  2015 ). 

 Our results are consistent with the classic chromosome speciation model pro-
posed by Michael J. D. White in 1978, which states that chromosome rearrange-
ment between populations can effi ciently cause or contribute to heterozygote 
infertility (White  1978 ). Similarly, sexually crossing of two  Saccharomyces  strains 
(i.e.,  S. cerevisiae  vs.  S. mikatae or S. paradoxus ) (Delneri et al.  2003 ) or two 
 Schizosaccharomyces  strains (i.e.,  S. pombe  vs.  S. kombucha ) (Zanders et al.  2014 ) 
gave rise to viable hybrid diploids that effi ciently completed meiosis, but fre-
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quently generated non-viable spores. Chromosomal rearrangements (inversions) 
also contribute to reproduction isolation in two occasionally hybridizing North 
American  Drosophila  species,  D. pseudoobscura  and  D. persimilis  (Noor et al. 
 2001 ).  Cryptococcus neoformans  (a human fungal pathogen) meiosis generates 
SAN progeny with a large segmental duplication via telomere-telomere fusion and 
chromosomal translocation between two different chromosomes (Fraser et al. 
 2005 ; Ni et al.  2013 ). In these scenarios, chromosomal rearrangement and related 
recombination defects are the major cause of non-viable gametes. Intriguingly, it 
has been reported that two spore killer elements ( Sk-2  and  Sk-3 ) are located near a 
chromosome rearrangement site in  Neurospora crassa  (Harvey et al.  2014 ) .  It 
remains unclear whether chromosome rearrangement can be a cause of meiotic 
drive. The molecular mechanism of spore killer in  Neurospora crassa  remains a 
mystery. Based on our  T. reesei  sexual crossing experiments described above, we 
hypothesized that most (if not all) of the non-viable gametes are SAN and that their 
infertility defects are likely caused by a loss of genes required for either fungal 
ascospore germination or for  the   formation of normal zygotes (e.g.,  Drosophila ).  

7     Mutagenesis Programs for Strain Improvement Resulted 
in Speciation 

 Genome sequencing and aCGH analyses have indicated that the genomes of RUT- 
C30 and QM9414 acquired multiple chromosomal changes (including transloca-
tions, deletions and nucleotide mutations) after multiple rounds of  random 
  mutagenesis. We found that RUT-C30 and QM9419 could mate with either 
CBS999.97(1-1,  re ) or CBS999.97(1-1,  wt ) and subsequently effi ciently formed 
fruiting bodies and completed meiosis. However, the majority of asci have either no 
(70–80 %) or only four (20–30 %) viable ascospores (Fig.  2 ). These results indicate 
that multiple rounds of random mutagenesis apparently generated genetic barriers 
against the CBS999.97 wild isolate. Therefore, we hypothesize that high levels of 
ascospore lethality is due to hybrid infertility.

   We noted a higher number of asci with 8 or 12 viable ascospores when 
CBS999.97(1-1,  wt ), but not CBS999.97(1-1,  re ), was used to mate with RUT-C30 
or QM9414. In all cases, we found no asci containing 16 viable ascospores (Fig.  2 ). 
Compared with CBS999.97(1-1,  wt ), CBS999.97(1-1,  re ) has an additional chro-
mosomal rearrangement between scaffold M and scaffold 33. It seems that an extra 
chromosome rearrangement in CBS999.97(1-1,  re ), compared with CBS999.97(1- 1, 
 wt ), resulted in more severe hybrid infertility phenotypes. However, chromosome 
arrangement may not be the only cause of hybrid infertility. Other chromosomal 
alternations may also result in meiotic-drive lethality, e.g., deletions or nucleotide 
mutations in genes that specifi cally affect meiotic recombination (Hunter et al. 
 1996 ) or ascospore germination (Lambou et al.  2008 ; Strich et al.  2011 ).  
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8     Conclusion 

 Our results suggest that speciation was artifi cially promoted via extensive random 
mutagenesis and selection regimes during strain improvements. RUT- C30 and 
QM9414, the two widely used industrial stains, are no longer the same species as 
QM6a and the CBS999.97 wild isolate. This supposition is consistent with the fi nd-
ings of comparative genome sequencing and aCGH experiments, which highlight 
many chromosomal alternations (i.e., translocations, deletions and nucleotide 
mutations) in these fungal genomes. According to the classic chromosome specia-
tion model (White  1978 ), chromosome rearrangement and related meiotic-drive 
recombination can provide a simple and rapid method to create genetic barriers. 

  Fig. 2    Hexadecad dissection. CBS999.97(1-1,  re ) ( a ,  b ) and CBS999.97(1-1,  wt ) ( c ,  d ) were 
sexually crossed with RUT-C30 ( a ,  c ) or QM9414 ( b ,  d ). Sixteen ascospores from a hexadecad 
ascus were sequentially separated applying the yeast tetrad dissection method and then grown on 
individual 100-mm malt-extract agar plates. A single colony from one ascospore was isolated and 
transferred individually to a 60 mm potato dextrose agar plate to determine the spore viability, 
spore color and colony morphology. Sixteen single-ascospore colonies were aligned sequentially 
according to the ascospore order. The non-viable ascospores are indicated by a  black circle        
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Because of their economic importance in the production of cellulolytic enzymes 
and recombinant proteins, these two industrial strains and related hypersecreting 
mutants have been extensively studied using genetic, molecular, biochemical, phys-
iological, transcriptomic and proteomic approaches. Therefore, we suggest that 
they are ideal models to investigate the evolutionary process by which new biologi-
cal species arise.    
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