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Abstract

Objective To determine the effect of large genomic

region deletion in a Saccharomyces cerevisiae strain

on tyrosine yield and to identify new genetic modi-

fication targets through transcriptome analysis.

Results TAL was used to produce p-coumaric acid

(p-CA) from tyrosine to quantity tyrosine yield. S.

cerevisiae mutant strain NK14 with deletion of a 23.8

kb genomic region was identified to have p-CA

production of 10.3 mg L- 1, while the wild-type strain

BY4741 had p-CA production of 1.06 mg L- 1.

Analysis of growth patterns and stress tolerance

showed that the deletion did not affect the growth

phenotype of NK14. Transcriptome analysis sug-

gested that, compared to BY4741, genes related to

glycolysis (ENO2, TKL1) and the tyrosine pathway

(ARO1, ARO2, ARO4, ARO7, TYR1) were upregulated

in NK14 at different levels. Besides genes related to

the tyrosine biosynthetic pathway, amino acid trans-

porters (AVT6, VBA5, THI72) and transcription factor

(ARO80) also showed changes in transcription levels.

Conclusions We developed a strain with improved

tyrosine yield and identified new genetic modification

candidates for tyrosine production.

Keywords Large deletion � L-tyrosine � p-Coumaric

acid � Saccharomyces cerevisiae � Transcriptome

analysis

Introduction

Saccharomyces cerevisiae is widely used as a micro-

bial host in the production of various chemicals and

pharmaceuticals (Hong and Nielsen 2012). The aro-

matic amino acid L-tyrosine is an important precursor

for the biosynthesis of valuable plant secondary

metabolites and serves as a useful research target (Li

et al. 2015; Eichenberger et al. 2017; Lehka et al.

2017). Synthesis of tyrosine in yeast starts from two

precursors, erythrose-4-phosphate (E4P) and phos-

phoenolpyruvate (PEP), derived from the pentose

phosphate pathway (PPP) and glycolysis, respectively.

DAHP synthase (ARO3 and ARO4) catalyzes the first

step in the shikimic acid pathway, which involves

condensation of PEP and E4P to form 3-deoxy-D-
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arabino-heptulosonate-7-phosphate (DAHP). ARO1

enzyme then catalyzes five reactions that lead from

DAHP to 5-enolpyruvyl-3-shikimate phosphate

(EPSP). The last step of the shikimic acid pathway is

catalyzed by chorismate synthase ARO2, which

converts EPSP into chorismate. Further downstream,

from chorismate towards the tyrosine and phenylala-

nine branch, ARO7 catalyzes the conversion of

chorismate to prephenate. The next step is synthesis

of phenylpyruvate (PPY), catalyzed by prephenate

dehydratase (PHA2), and synthesis of 4-hydrox-

yphenylpyruvate (HPP), catalyzed by prephenate

dehydrogenase (TYR1). Finally, aromatic amino

transferases ARO8 and ARO9 can reversibly convert

HPP to L-tyrosine or PPY to L-phenylalanine.

Efforts made to build platform strains engineered

for tyrosine production have included increasing the

precursor supply for the tyrosine pathway via deletion

of ZWF1 and overexpression of TAL1 and ENO2

(Deaner and Alper 2017; Mao et al. 2017). Shikimate

pathway engineering is also an option via overexpres-

sion of mutant ARO4 (Luttik et al. 2008; Koopman

et al. 2012; Galanie et al. 2015) or replacement of

ARO1 with AroL from Escherichia coli (Rodriguez

et al. 2017). Another common method is to remove the

competitive pathway by deleting ARO10, PDC5, and

PDC6 (Gold et al. 2015; Rodriguez et al. 2017).

In this study, we performed large genomic region

(LGR) deletion and obtained mutant strain NK14 with

p-CA production of 10.3 mg L- 1, which is 9.8-fold

higher than that obtained with the BY4741 strain. We

conducted a comparative analysis of the NK14 and

BY4741 transcriptomes in an attempt to identify genes

and pathways related to tyrosine production.

Materials and methods

Yeast strains, plasmids, and culture conditions

The yeast strains used in this study are listed in

Table 1. All the strains with genomic regions deleted

and the ARO80 deletion strain were derived from the

wild-type BY4741 strain (MATa his3D1 leu2D0
met15D0 ura3D0). Single-gene knockout strains

NK141 to NK1412 were derived from strain

BY4742 (MATa his3D1 leu2D0 lys2D0 ura3D0). Both
parental strains were purchased from Euroscarf

(Frankfurt, Germany). The plasmids used are shown

in Supplementary Table 1. Yeast strains were cultured

at 30 �C and 220 rpm. YPD-rich medium was used for

growth curve measurements, and synthetic dropout

medium (SC-his-tyr) was used for tyrosine fermenta-

tion. E. coli DH5a used for plasmid propagation was

grown in LB medium at 37 �C and 200 rpm.

Construction of mutant strains

Strains NK141-NK1412 were a gift from Professor

Yingjin Yuan (Tianjin University, China) and were

constructed via homologous recombination by replac-

ing the ORFs with a kana box (Giaever et al. 2002).

Supplementary Table 2 shows details for the strains

with single-gene deletion. The ARO80 deletion strain

and the mutant strains with deletion of chromosomal

region(s) were constructed using the mazF-mediated

deletion system previously reported (Liu et al. 2014).

The primers used in this study are listed in Supple-

mentary Table 3.

Tyrosine fermentation and HPLC analysis

Plasmid pLC-m7 was transformed in the mutant

strains and selected on SC-his plates according to the

selection marker. Three colonies from independent

transformants were inoculated into fresh medium and

incubated overnight. Precultures were inoculated to an

OD600 of 0.1 in 250 mL flasks with 50 mL of SC-his-

tyr medium. At 24 h time intervals, 1 mL samples were

manually collected and centrifuged (5009g, 5 min,

room temperature). The supernatant was stored at -

20 �C for p-CA quantification by HPLC.

p-CA was quantified on a HPLC system equipped

with an Eclipse XDB-C18 column (4.6 9 150 mm, 5

lm, Agilent) (Gold et al. 2015) using 10 lL aliquots of

the culture supernatants. A standard curve was

prepared using p-CA standards.

Growth analysis

The growth of strain NK14 was monitored to produce

growth curve measurements under normal and stress

conditions. A loop full of cells from agar plates was

taken to inoculate NK14 and wild-type BY4741 into 3

mL of YPD medium for culture overnight. The

cultures were diluted to an optical density at 600 nm

(OD600) of 0.1 and then cultured in 15 mL YPD
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medium in 100 mL flasks. OD600 measurements were

performed at 8 h intervals up to 48 h on a microplate

reader (PerkinElmer, USA) using a 20 lL culture

aliquot mixed with 180 lL of water.

To measure growth under stress conditions, the

strains were cultured overnight in liquid YPD medium

to the exponential phase and adjusted to OD600 of 1.0

with sterile water. Serial tenfold dilutions of the

precultures were spotted onto YPD plates containing 1

MNaCl, 1.5M sorbitol, or 8% ethanol. Tomeasure the

heat shock response, cultures were incubated at 50 �C
for 30 min before dilution. Plates were cultured at 30

�C for 3 days and photographed.

Transcriptome analysis

Total RNA was extracted and then enriched using

oligo(dT) beads. The enriched mRNAwas broken into

short fragments to generate cDNA libraries. The

cDNA fragments were purified and end-repaired, and

then ligated to Illumina sequencing adapters after

addition of poly(A). The ligation products were size-

selected via agarose gel electrophoresis, amplified via

PCR, and then sequenced using an Illumina HiSeq

2500 system (Gene Denovo Biotechnology, Guangz-

hou, China).

Results

Effects of LGR deletion on p-CA production

Six strains with deletion of genomic regions of

different sizes varying from 20 to 77 kb were chosen

for tyrosine fermentation. The p-CA production of the

mutant strains is shown in Fig. 1. NK14 showed

significantly higher p-CA production compared to

BY4741 during the whole fermentation period. The

fermentation stopping point at 72 h was chosen by

considering both p-CA production and nutrient con-

sumption. The p-CA yield for the NK14 strain was

10.3 mg L- 1, which is 9.8-fold higher than that for

BY4741. Thus, NK14 could be a good starting point

for modification of the tyrosine pathway.

NK14 is a strain with deletion of a genomic region

containing 12 genes. To determine whether the

improvement in p-CA production is due to deletion

of one individual gene, the p-CA production of 12

single-gene knockout strains was measured (Supple-

mentary Fig. 1). Compared to BY4742, which is the

starting strain, NK141 and NK148 showed an insignif-

icant improvement in p-CA production. The p-CA

production of other strains was also lower than that of

Table 1 Genome reduced strains in this study

Name Deleted region Deletion size (kbp) No. of genes

NK14 YJR124C/YJR135C 23.8 12

NK34 YOL020W/YOL011W 21.2 11

NK38 YKL224C/YKL215C YIL014W/YIL005W 50.5 21

NK39 YKL072W/YKL061W YKL224C/YKL215C YIL014W/YIL005W 77 33

NK42 YKL072W/YKL061W YOL020W/YOL011W 47.7 23

NK43 YKL224C/YKL215C YOL020W/YOL011W 50 21

Fig. 1 p-CA synthesis of genome region deletion strains. We

monitored the tyrosine yield every 24 hduring the fermentation

through the p-coumaric acid by strains with the TAL plasmid.

The strains werecultivated at 30 �C in 50 mL SC-his-tyr medium

in flasks. Error bars represent the standard deviation ofthree

biological duplicates
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the control strain. Hence, the increase in p-CA yield

from NK14 cannot be attributed to deletion of an

individual gene.

Growth pattern and stress tolerance

LGR deletion in NK14 resulted in an enhanced p-CA

yield. To confirm that the strain is a robust p-CA

producer, its growth pattern and stress resistance were

assessed (Fig. 2). Although strain NK14 carries a

deletion of 12 genes, it exhibited a similar growth

pattern to BY4741, as shown by the growth curve

(Fig. 2a). Furthermore, under high salinity (1 M

NaCl), hyperosmotic stress (1.5 M sorbitol), and high

ethanol pressure (8% ethanol), both NK14 and wild-

type BY4741 showed similar growth (Fig. 2b). NK14

was slightly more sensitive to heat shock than the

parental strain.

Transcriptional response to LGR deletion

Differentially expressed genes (DEGs) were identified

using thresholds of FDR\ 0.05 and a |log2 fold

change (FC)|[1. This analysis identified 3576 DEGs,

of which 1208 were upregulated and 2368 were

downregulated. According to the Gene Ontology

database, the 3576 DEGs could be classified in three

categories: biological processes, cellular components,

and molecular functions (Fig. 3a). In the biological

process category, DEGs related to cellular, metabolic,

and single-organism processes were significantly

enriched. In the cellular component class, cell, cell

part, and organelle were the top three categories with

significant DEG enrichment. For the molecular func-

tion category, DEGs were enriched mainly in the

binding and catalytic activity classes.

We also performed analysis using the KEGG

database to determine whether the DEGs were

involved in specific pathways. Figure 3b shows the

top 20 enriched pathways among all 112 pathways.

Fig. 2 Growth profile of strain NK14 with enhanced tyrosine

production. a Growth curves of strainNK14 and wild type strain
BY4741. b Stress tolerance test of strain NK14 and wild type

strain BY4741.Serial tenfold dilution of the pre-cultures was

spotted onto a solid YPD media incubated at 30�C for 3days.

Inhibitors were 1.5 M sorbitol, 8% ethanol, 1 M NaCl. For heat-

shock response, the cell suspensionwas incubated at 50 �C for 30

min and cooled to 30�C, followed by spotting on YPD plate. The

test wasrepeated three times
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The significantly enriched pathways were mainly

associated with amino acid metabolism (valine,

leucine, and isoleucine degradation; beta-alanine

metabolism; cysteine and methionine metabolism;

valine, leucine, and isoleucine biosynthesis; histidine

metabolism; biosynthesis of amino acids) and energy

metabolism processes (carbon metabolism; PPP;

pyruvate metabolism; glycolysis/gluconeogenesis;

fructose and mannose metabolism).

Fig. 3 Analysis of DEGs of NK14 based on the GO and KEGG

pathways. a GO classification analysisof DEGs: biological

process, cellular component, and molecular function. (red)

number of DEGs withan enhanced transcription level, (green)

number of DEGs with a decreased transcription level. b Thetop

20 DEG-enriched KEGG pathways. Rich factor: the greater the

rich factor is, the greater theenrichment. QValue: indicates the

significance level after hypergeometric tests; a smaller value

indicatesa greater enrichment
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Analysis of DEGs related to tyrosine metabolism

The tyrosine biosynthetic pathway comprises the

shikimic acid pathway and L-tyr and L-phe branches.

We also focused on the glycolysis pathway and PPP,

which provide the precursors E4P and PEP for the

tyrosine pathway. We searched for upregulated and

downregulated genes involved in these pathways

using the SGD database. Figure 4a shows the overall

tyrosine biosynthetic pathway from glucose, with

upregulated and downregulated genes denoted in red

and blue, respectively. The heatmap shows the

expression level of genes related to tyrosine biosyn-

thesis (Fig. 4b). Genes involved in the glycolysis

pathway were upregulated at different levels. In

particular, ENO2 was remarkably upregulated, con-

sistent with the finding that ENO2 overexpression

increases the tyrosine yield (Mao et al. 2017). ZWF1

was downregulated, while RKI1 and TKL1 were

upregulated in the PPP. For the shikimic acid pathway,

higher expression levels of ARO1, ARO2, ARO4, and

ARO7 facilitate higher carbon fluxes into the tyrosine

pathway.

ARO8 and ARO9 catalyze the transfer of an amine

group to PPY or HPP to yield L-phe or L-tyr, while

ARO10 and PDC5 catalyze the competitive pathways,

leading to the production of phenylacetaldehyde and

4-hydroxyphenylacetaldehyde. Elimination of

ARO10, PDC5, and PDC6 decreases loss of tyrosine

to the Ehrlich pathway (Koopman et al. 2012; Gold

et al. 2015). ARO8 was upregulated, while ARO10 and

PDC6 were downregulated, consistent with expecta-

tions. ARO80 can activate transcription of the genes

ARO9 and ARO10 to initiate catabolism of aromatic

amino acids in the presence of a poor nitrogen source

(Suastegui et al. 2017). Downregulation of ARO80 in

NK14 also reduces loss of tyrosine. The deletion of

ARO80 did result in a slight improvement in p-CA

production (Supplementary Fig. 2). However, the

ARO9 gene was slightly downregulated and PDC5

was upregulated, which could represent an option for

further modification (Gold et al. 2015).

Fig. 4 Transcriptional level of genes included in the tyrosine

metabolism. a Simplified map of carbonmetabolism leading to

the tyrosine pathway in S. cerevisiae. Genes upregulated are

labeled in red anddownregulated are labeled in blue. G6P

glucose-6-phosphate, F6P fructose-6-phosphate, FDP fruc-

tose1,6-bisphosphate, G3P glyceraldehyde-3-phosphate,

1-3BPG 1,3-bisphosphoglycerate, 3PG 3-phosphoglyceric acid,

2PG 2-phosphoglycerate, PEP phosphoenolpyruvate, PYR

pyruvate, R5UPribulose 5-phosphate, X5P xylulose-

5-phosphate, R5P ribose-5-phosphate, S7P sedoheptulose-7-

phosphate, E4P erythrose-4-phosphate, DAHP 3-deoxy-D-ara-

binoheptulosonate 7-phosphate, EPSP 5-enolpyruvylshikimate-

3-phosphate, Trp tryptophan, PPY phenylpyruvate, HPP 4-hy-

droxyphenylpyruvate, PAC phenylacetaldehyde, pPAC p-hy-

droxyphenylacetaldehyde, Phephenylalanine, Tyr tyrosine,

PAA phenylacetic acid, pPAA p-hydroxyphenylacetic acid,

PETphenylethanol, pPET p-hydroxyphenylethanol; b Heatmap

of the tyrosine biosynthetic related genesin NK14. The map

indicates the gene expression levels as the log2 of their fpkm. A

decrease in theexpression is indicated by the intensity of blue

color and an increase by the intensity of red color. Theintensity

of the color represents the fold value as indicated by the scale

shown to the right-hand side. Theresults are the averages of

three biological duplicates
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Gold et al. (2015) suggested that deletion of

mitochondrial malate dehydrogenase (MDH1,

MDH2, and MDH3) and knockout of pyruvate

carboxylase (PYC1) could completely prevent the

production of oxaloacetate during growth on glucose.

Downregulation ofMDH1,MDH2,MDH3, and PYC1

in NK14 confirmed this theory and these genes could

be new targets in modification of the tyrosine pathway.

Furthermore, a previous study showed that knock-

out of some amino acid transporters triggered higher

p-CA production (Rodriguez et al. 2017). Genomic

region deletion resulted in changes in the transcription

levels of some amino acid transporters (Table 2).

DEGs related to amino acid metabolism in NK14 are

listed in Table 2.

Discussion

Deletion of single genes within the LGR deleted in

NK14 did not improve p-CA yield. The creation of

desired mutants through LGR deletion provides a new

insight into the enhancement of metabolite production.

Transcriptome analysis of NK14 provided few expla-

nations for the higher p-CA yield.

Condensation of PEP and E4P is the first step in the

tyrosine biosynthetic pathway, so PEP and E4P are

important precursors. However, the carbon flux to E4P

is much lower than that to PEP under aerobic

conditions (Vaseghi et al. 1999). In NK14, RKI1 and

TKL1 were upregulated, while ZWF1 was downreg-

ulated; this could serve as a balance between the two

substrates (Deaner and Alper 2017). Almost all the

genes involved in the glycolysis pathway were upreg-

ulated after LGR deletion; this finding suggests an

additional direction for modification of energy meta-

bolism other than the amino acid biosynthetic

pathway.

Deletion of the transcription factor ARO80 led to a

slight improvement in p-CA production compared to

BY4741. One explanation is that ARO9 and ARO10

are also under the control of nitrogen catabolite

repression and are highly induced by aromatic amino

Table 2 Candidate genes associated with amino acid metabolism.

Systematic

ID

Name log2FoldChange

(NK14 vs. WT)

Description (SGD)

YDL182W LYS20 - 3.04274 Homocitrate synthase, catalyzes the first step in the lysine biosynthesis pathway

YKL218C SRY1 - 2.09131 3-Hydroxyaspartate dehydratase; deaminates L-threo-3-hydroxyaspartate to form

oxaloacetate and ammonia

YOR303W CPA1 - 2.05274 Small subunit of carbamoyl phosphate synthetase; carbamoyl phosphate synthetase

catalyzes a step in the synthesis of citrulline, an arginine precursor

YPL273W SAM4 2.015013 S-adenosylmethionine-homocysteine methyltransferase

YDR354W TRP4 2.16533 Anthranilate phosphoribosyl transferase; transferase of the tryptophan biosynthetic

pathway; catalyzes the phosphoribosylation of anthranilate

YDR502C SAM2 2.198031 S-adenosylmethionine synthetase; catalyzes transfer of the adenosyl group of ATPs to the

sulfur atom of methionine

YJR024C MDE1 2.259902 50-methylthioribulose-1-phosphate dehydratase; acts in the methionine salvage pathway

YGL026C TRP5 2.286778 Tryptophan synthase; catalyzes the last step of tryptophan biosynthesis

YGR124W ASN2 2.685546 Asparagine synthetase; catalyzes the synthesis of L-asparagine from L-aspartate in the

asparagine biosynthetic pathway

YER086W ILV1 3.102193 Threonine deaminase, catalyzes first step in isoleucine biosynthesis

YBR248C HIS7 3.195751 Imidazole glycerol phosphate synthase; glutamine amidotransferase: cyclase that catalyzes

the fifth step of histidine biosynthesis

YHR025W THR1 4.192226 Homoserine kinase; conserved protein required for threonine biosynthesis

YOR192C THI72 - 1.63623 Transporter of thiamine or related compound

YER119C AVT6 - 1.49563 Vacuolar aspartate and glutamate exporter

YKR105C VBA5 - 1.21238 Plasma membrane protein of the Major Facilitator Superfamily (MFS); involved in amino

acid uptake and drug sensitivity
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acids besides transcription factor ARO80 (Godard

et al. 2007; Lee and Hahn 2013). The lower gene

expression levels for the amino acid transporters

(AVT6, VBA5, and THI72) also provide a new idea for

tyrosine pathway modification other than overexpres-

sion of rate-limiting enzymes and elimination of a

competitive branch or feedback inhibition. Identifica-

tion of a potential transcriptional regulator could

significantly help in rewiring of carbon distribution to

increase carbon entry into the tyrosine pathway.

In conclusion, NK14 is a mutant with enhanced

tyrosine production and could serve as a platform

strain for further genetic modification. The transcrip-

tome analysis verified our results and points to new

genetic modification candidates.
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plasmids used in this study

Supplementary Table 2—Strains with single gene knock-out

used in this study (Giaever et al. 2002)

Supplementary Table 3—The primers used in this study

Supplementary Fig. 1—p-CA synthesis of single gene

deletion strains. The tyrosine yield was measured through the

p-coumaric acid by strains with the TAL plasmid. The strains

were cultivated at 30 �C in 50 mL SC-his-tyr medium for 72 h

fermentation. Error bars represent the standard deviation of

three biological duplicates

Supplementary Fig. 2—p-CA synthesis of ARO80 deletion

strain. Tyrosine yield was measured every 24 h during the

fermentation through the p-coumaric acid by strains with the

TAL plasmid. The strains were cultivated at 30 �C in 15 mL

SC-his-tyr medium in flasks. Error bars represent the standard

deviation of three biological duplicates
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