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Abstract 

Efficient conversion of pentose sugars remains a significant barrier to the replacement of petroleum-derived chemi‑
cals with plant biomass-derived bioproducts. While the oleaginous yeast Rhodosporidium toruloides (also known 
as Rhodotorula toruloides) has a relatively robust native metabolism of pentose sugars compared to other wild yeasts, 
faster assimilation of those sugars will be required for industrial utilization of pentoses. To increase the rate of pen‑
tose assimilation in R. toruloides, we leveraged previously reported high-throughput fitness data to identify potential 
regulators of pentose catabolism. Two genes were selected for further investigation, a putative transcription factor 
(RTO4_12978, Pnt1) and a homolog of a glucose transceptor involved in carbon catabolite repression (RTO4_11990). 
Overexpression of Pnt1 increased the specific growth rate approximately twofold early in cultures on xylose 
and increased the maximum specific growth by 18% while decreasing accumulation of arabitol and xylitol in fast-
growing cultures. Improved growth dynamics on xylose translated to a 120% increase in the overall rate of xylose 
conversion to fatty alcohols in batch culture. Proteomic analysis confirmed that Pnt1 is a major regulator of pentose 
catabolism in R. toruloides. Deletion of RTO4_11990 increased the growth rate on xylose, but did not relieve carbon 
catabolite repression in the presence of glucose. Carbon catabolite repression signaling networks remain poorly char‑
acterized in R. toruloides and likely comprise a different set of proteins than those mainly characterized in ascomycete 
fungi.
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Introduction
Pentose sugars, primarily xylose and arabinose, are a 
significant fraction of lignocellulosic biomass [1]. Any 
sustainable and economically competitive implementa-
tion of an integrated biorefinery to displace petroleum-
derived chemicals will require efficient utilization of 
those sugars, yet efficient bioconversion of pentoses to 
value-added chemicals remains a major unsolved chal-
lenge [2, 3].

The oleaginous yeast Rhodosporidium toruloides (also 
known as Rhodotorula toruloides) consumes a wide 
range of carbon compounds derived from plant bio-
mass, including six carbon sugars, five carbon sugars, and 
lignin breakdown products [4]. R. toruloides is also rela-
tively tolerant of many biomass breakdown products that 
inhibit the growth of other microorganisms [5] and even 
more robust strains have been isolated through adap-
tive laboratory evolution [6, 7]. This extensive catabolic 
capability plus its native biosynthetic capacity for lipids 
and carotenoids make it an attractive platform for bio-
conversion of mixed-biomass hydrolysate feedstocks [8, 
9]. R. toruloides has been engineered to make a number 
of chemically diverse bioproducts including nonriboso-
mal peptides such as indigoidine [10], second-generation 
biofuels such as bisabolene [11], and industrial chemicals 
such as fatty alcohols [12].

While R. toruloides is naturally competent to catabolize 
pentose sugars, both specific growth rate and biomass 
yield are lower for xylose than glucose—approximately 
0.14 1/h on xylose vs 0.32 1/h on glucose [13] and 0.35 g/g 
on xylose vs 0.45  g/g on glucose [13], respectively. Fur-
thermore, in mixed-sugar biomass hydrolysates, xylose 
utilization only occurs after glucose has been mostly 
consumed, and a transitional lag phase is often observed 
[11, 14]. Though this diauxic sugar utilization is little 
studied in R. toruloides, it is a common finding across 
diverse fungi, generally believed a consequence of both 
competition between glucose and xylose for transport 
into the cell [15], and carbon catabolite repression [16] 
of alternative catabolism genes. Improving any of these 
quantities—yield or specific growth rate on xylose, rates 
of sugar co-transport, or accelerating the transition to 
xylose utilization—would enhance the overall efficiency 
of bioproduct conversion from renewable biomass. Up 
to this point, little is known about regulation of pentose 
catabolism in R. toruloides, or in any basidiomycete yeast. 
Such regulatory proteins would be attractive metabolic 
engineering targets for basidiomycetes cultivated on bio-
mass hydrolysates.

In a recent study, we employed high-throughput fit-
ness profiling in combination with transcriptomic and 
proteomic profiling to build an improved model of R. 
toruloides carbon metabolism [4]. We observed that 

mutations in two genes with likely regulatory functions 
altered strain fitness on xylose and other pentose utiliza-
tion intermediates. Mutations in the predicted transcrip-
tion factor RTO4_12978 (Uniprot ID A0A0K3CFC7) 
greatly decreased fitness on d-xylose, l-arabinose, 
l-lyxose, and several pentose metabolism intermedi-
ates. RTO4_12978 is a member of the fungal-specific 
zinc binuclear cluster family of transcription factors. 
Zinc binuclear cluster transcription factors are known 
to regulate a wide range of cellular processes, but many 
have been characterized as regulators of alternative car-
bon catabolism [17], including several known regulators 
of catabolism of pentose sugars or pentose-containing 
polysaccharides in fungi. In our fitness assays, no other 
transcription factors were absolutely required for growth 
on pentose sugars and alcohols, thus RTO4_12978 was a 
prime candidate for a major regulator of pentose catabo-
lism. We provisionally named RTO4_12978 Pnt1 for pen-
tose catabolism regulator 1.

A phylogenetic tree of the most closely related 
sequences to Pnt1 and the zinc binuclear cluster tran-
scription factors Xlr-1, Ara-1, and Pdr-1 (known reg-
ulators of pentose metabolism and degradation of 
pentose-containing polymers in Neurospora crassa [18]) 
is shown in Fig. 1A. Transcription factors that are more 
closely related to Pnt1 than the known pentose regula-
tors include the Saccharomyces cerevisiae transcription 
factors Ecm22, Asg1, and Cha4—regulators of sterol 
biosynthesis [19], fatty acid metabolism [20], and amino 
acid catabolism [21], respectively. The most closely 
related protein with any available functional data, how-
ever, is Euf1 from Yarrowia lipolytica (UniProt ID YAL-
I0F01562p), a regulator of erythritol catabolism [22]. 
Though it is believed that erythritol catabolism ultimately 
occurs through the pentose phosphate pathway [23], no 
studies exist investigating Euf1’s role in pentose catabo-
lism. However, the authors did note an accumulation of 
arabitol and mannitol in the media of ∆Euf1 mutants. 
In a separate study, a point mutation in YALI0F01562p 
was identified in a strain adapted for better growth on 
xylose [24], but that mutation was one of many, and the 
authors could find no closely related proteins with known 
regulation of alternative carbon metabolism, so it was not 
investigated further. In retrospect, the authors may have 
discovered an important regulator of pentose catabolism 
in Y. lipolytica but were dissuaded from further study on 
its function by the disparate known functions of all char-
acterized homologs at that time.

The Kim et al. study also found that mutations in the 
predicted transmembrane protein RTO4_11990 (Uni-
Prot ID A0A0K3CCZ6) increased fitness on xylose, but 
not on arabinose, lyxose, or pentose catabolic inter-
mediates. RTO4_11990 has high sequence similarity 
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to Saccharomyces cerevisiae glucose sensors Snf3/
Rgt2, which work in tandem as low/high affinity glu-
cose sensors [25]. A phylogenetic tree of Protein ID 
RTO4_11990 and closely related proteins from seven 
model fungi is presented in Fig.  1B. The most closely 
related characterized protein to RTO4_11990 in this 
analysis is N. crassa HGT-1. Together with a close 
homolog HGT-2, HGT-1 forms a high/low affinity glu-
cose transport and signaling system with a role in car-
bon catabolite repression [26]. The most closely related 
R. toruloides proteins to HGT-2 are RTO4_11924 and 
RTO4_9588 (47% and 48% identity to HGT-2, respec-
tively), though they are not obviously orthologous.

In this work, we explore involvement of Pnt1 and 
three HGT-1/2 homologs in regulation of xylose 
metabolism with overexpression and deletion mutants, 
respectively. We demonstrate that Pnt1 is, indeed, a 
major regulator of pentose catabolism in R. toruloides. 
We confirm that RTO4_11990 plays some role in regu-
lation of pentose metabolism, but that function is not 
strictly analogous to that of N. crassa HGT-1/HGT-2. 
Whether or not RTO4_11990 truly acts as a trancep-
tor and which molecule it binds remains unproven. 
To show that modulating pentose catabolic enzyme 
expression can improve conversion of xylose to a com-
mercially relevant bioproduct many enzymatic steps 
removed from pentose assimilation, we overexpress 
Pnt1 in a fatty alcohol production strain. Finally, we 
explore the Pnt1 regulon with proteomic analysis of 

Pnt1 overexpression and deletion mutants in the pres-
ence of xylose.

Results
To confirm Pnt1 xylose catabolism regulation and 
improve xylose utilization in R. toruloides, we con-
structed a Pnt1 overexpression strain by random inte-
gration of the Pnt1 coding sequence under control of the 
Rhodotorula graminis Tef1 promoter and the R. toru-
loides Nos terminator [27], introduced by Agrobacterium 
tumefaciens-mediated transformation (see “Methods”). 
The R. graminis Tef1 promoter was selected as a strong 
promoter with sufficient sequence divergence from the 
native Tef1 locus to reduce disruptive integration of the 
overexpression construct at that locus. When cultured 
on xylose as the sole carbon source, OE-Pnt1 mutants 
grew faster on xylose than the parent strain IFO 0880 
(WT), reaching 24.9 vs 3.8 OD units in 28 h (pVal 1.6e−7) 
(Fig. 2A, B). During this period the OE-Pnt1 strain con-
sumed more xylose than WT (35.3 vs 9.0  g/L, pVal 
6.2e−7) (Fig.  3A, B). When cultured on media contain-
ing both glucose and xylose, the OE-Pnt1 and WT strains 
grew similarly for the first 20  h, then as glucose was 
consumed and both strains shifted to xylose utilization, 
OE-Pnt1 again outpaced WT (28.5 vs 20.9 OD units at 
28 h, pVal 0.0001, Fig. 2D). At 28 h the OE-Pnt1 and WT 
strains had consumed similar amounts of xylose (17.4 vs 
17.2  g/L), but the WT strain had accumulated signifi-
cant arabitol (2.2 g/L) while the OE-Pnt1 strain was near 

Fig. 1  A Phylogenetic tree of R. toruloides Pnt1 and the N. crassa alternative carbon regulatory transcription factors Ara-1, Pdr-1, and Xlr-1. 
Sequences shown here were assembled from separate BLAST searches for each of these proteins to a database of seven model fungi (see 
“Methods”). Highlighted proteins have experimentally informed functions discussed in the text. B Phylogenetic tree of RTO4_11990, RTO4_9588, 
and RTO4_11924 with S. cerevisiae Snf3, N. crassa HGT-1, N. crassa HGT-2 and other homologs from seven model fungi
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the limit of detection for our HPLC analysis (around or 
less than 0.3 g/L, pVal vs WT 0.0003) (Fig. 3D), thus net 
utilization of pentose sugar (xylose imported and fully 
metabolized, as opposed to exported as sugar alcohol) 
was greater for OE-Pnt1.

We then grew OE-Pnt1 and WT on 40 g/L xylose and 
40  g/L glucose plus 40  g/L xylose media for a longer 
period and monitored growth, sugar consumption, and 
sugar alcohol production (Additional file 3: Fig. S1). The 
OE-Pnt1 mutant accumulated less sugar alcohol in the 
media than WT in both conditions, especially at the end 
of the experiment, with 0.3 g/L vs 8.1 g/L arabitol (pVal 
1.6e−5) on xylose and 0.7  g/L vs 2.5  g/L arabitol (pVal 
0.001) on glucose plus xylose, at 45  h. Assuming a lin-
ear relationship between optical density and biomass 
(approximately 0.5  g/L per OD unit) and assuming that 
growth during the last phase of xylose consumption (21–
29 h for OE-Pnt1 on xylose, 29–45 h all other conditions) 

is dominated by xylose catabolism (not yeast extract or 
glucose), net biomass yield (g biomass / g xylose fully 
metabolized) was equivalent between OE-Pnt1 and WT 
on xylose (0.29 g/g and 0.30 g/g, pVal 0.4) and on glucose 
plus xylose (0.22 g/g and 0.19 g/g, pVal 0.1).

In a high-resolution time course of OE-Pnt1 and WT 
growth on 40 g/L xylose (Additional file 3: Fig. S2), OE-
Pnt1 had a faster initial growth rate and reached a higher 
maximum specific growth more quickly (0.17 at 30  h 
vs 0.14 at 50  h, pVal 5.8e−5). However, the relationship 
between absorbance measured from this instrument 
(Biolector Pro) and true biomass can change with cell 
morphology and culture density. Thus, caution should be 
exercised when interpreting the different apparent maxi-
mum growth rates as they occurred at different points 
along the growth curve. The most robust result is the 
approximately twofold difference in specific growth of 
the strains between 10 and 30 h. In this experiment the 

Fig. 2  Growth of R. toruloides strains with overexpression of Pnt1 and/or deletion of HGT-1/HGT-2 homologs on xylose and mixed glucose 
plus xylose media. A, B 40 g/L xylose; 20 h and 28 h, respectively. C, D 20 g/L xylose, 20 g/L glucose; 20 h and 28 h, respectively
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WT strain had a higher final absorbance than OE-Pnt1 
(89.1 vs 70.6 AU, pVal 5.5e−4), which may be reflective 
of a higher biomass yield in this condition, or morphol-
ogy differences between the strains. This experiment 
was conducted with ammonium sulfate as the nitrogen 
source (as opposed to yeast extract for previous experi-
ments) which would suggest that any consistent biomass 
yield differences between these strains may be dependent 
on growth conditions.

These results are consistent with increased expression 
of xylose catabolic enzymes in OE-Pnt1, increasing ini-
tial growth rate when transitioning to xylose metabo-
lism and relieving metabolic bottlenecks within the early 
stages of pentose catabolism that cause accumulation of 
xylitol and arabitol in the WT strain However, when glu-
cose is present in high concentrations, a combination of 

competitive transport and carbon catabolite repression 
still prevent xylose co-utilization in the OE-Pnt1 mutant.

To test if the three HGT-1/2 homologs (RTO4_11990, 
RTO4_9588, and RTO4_11924) contribute to glucose-
induced carbon catabolite repression of xylose catabolism 
in R. toruloides, we constructed single- and double-dele-
tion mutants for the putative transceptors. None of these 
mutants grew dramatically faster or utilized xylose more 
quickly in the presence of glucose (Figs.  2C, D, 3C, D). 
The ∆11990 and ∆11990 ∆9588 mutants reached slightly 
higher density than WT at 28 h (23.2 and 24.5 OD units 
vs 20.9 OD units, pVals 0.03 and 0.004, respectively), 
though they also consumed less xylose (13.9 and 13.2 g/L 
vs 17.2  g/L, pVals 0.001 and 0.002, respectively), and 
accumulated less sugar alcohol (0.1 and 0.2 g/L vs 2.2 g/L, 
pVal ~ 0.0003). Unexpectedly the ∆11990 mutant had 
a stronger phenotype vs WT in the absence of glucose 

Fig. 3  Remaining sugars and sugar alcohols in culture medium of R. toruloides strains with overexpression of Pnt1 and/or deletion of HGT-1/
HGT-2 homologs grown on xylose and mixed glucose plus xylose media. A 40 g/L xylose at 20 h. B 40 g/L xylose at 28 h. C 20 g/L xylose plus20 g/L 
glucose at 20 h. D 20 g/L xylose plus 20 g/L glucose at 28 h
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(reaching 20.0 vs 3.8 OD units at 28  h on xylose, pVal 
8.2e−6). The double mutant ∆11990 OE-Pnt1 was the 
fastest growing mutant of the set, outpacing the OE-
Pnt1 mutant (reaching 29.4 vs 24.9 OD units at 28 h on 
xylose, pVal 0.01). The double mutant consumed slightly 
less sugar than OE-Pnt1, (32.3–35.3  g/L, pVal 0.01). 
The ∆9588 and ∆11924 mutants did not behave differ-
ently than WT in these experiments. The ∆9588 ∆11990 
double mutant grew similarly to ∆11990. The ∆11924 
∆11990 mutant had a general growth defect that compli-
cates analysis, and grew less quickly on xylose than the 
∆11990 strain did.

These data are not consistent with a conserved role for 
the HGT-1/2 homologs in glucose-specific carbon catab-
olite repression of the xylose utilization pathway. Rather, 
these data and our previous high-throughput data are 
most consistent with a role for RTO4_11990 in glucose-
independent modulation of pentose catabolism, possibly 
in response to xylose itself, a phenomenon reported for 
S. cerevisiae Rgt2/Snf3 [28]. The functions of RTO4_9588 
and RTO4_11924 remain unclear.

Given the OE-Pnt1 and ∆11990 mutant’s faster growth 
when transferred to xylose or transitioning from glucose 
to xylose utilization in mixed sugars, we hypothesized 
that these mutations could improve the overall rate of 
bioproduct conversion from xylose and xylose-contain-
ing hydrolysates. To test this, we deleted RTO4_11990 
and overexpressed Pnt1 in a strain engineered to produce 
fatty alcohols (FOHs). We created the ∆11990 OE-Pnt1 
FOH production strain by replacing the RTO4_11990 
locus with the Pnt1 overexpression construct. We also 
isolated three independent strains arising from random 
integrations of the Pnt1 overexpression construct in the 
parental genome (OE-Pnt1 R1-3).

In order to test relative rates of xylose conversion to 
fatty alcohol we grew the mutants and the parental fatty 
alcohol producing strain in a panel of media condi-
tions. The media formulations tested were 10 g/L xylose, 
100  g/L xylose, corn stover hydrolysate (comprising 
approximately 75 g/L glucose, 40 g/L xylose, 5 g/L arab-
inose and smaller amounts of other plant biomass com-
ponents (see “Methods” [29]), and mock hydrolysate with 
similar sugar concentrations to the true hydrolysate (see 
“Methods”). After 5 days of growth and fatty alcohol pro-
duction, the cultures were stopped, sampled, and meas-
ured for fatty alcohol by gas chromatography (Fig.  4). 
We chose a 5-day culture period to sample before the 
end of xylose consumption in most conditions, so that 
a single timepoint would capture relative rates of prod-
uct formation (as opposed to maximum titer or yield). 
We tested the 5-day samples for remaining xylose with a 
commercial enzymatic assay and verified that substantial 
xylose remained for all conditions except for the 10 g/L 

xylose cultures (Additional file 3: Fig. S3). Thus the rela-
tive performance of the mutants may be underestimated 
in the 10 g/L xylose condition as the parental strain had 
time to catch up to the mutants. Differential growth 
rates between the parent and OE-Pnt1 strain confound 
interpretation of specific production rates (g product/g 
cells/h) from these data.

The ∆11990 OE-Pnt1 strain accumulated approxi-
mately 120% more fatty alcohol than the parent strain in 
the 100  g/L xylose condition (1040  mg/L vs 460  mg/L, 
pVal 0.01), and 30–40% more fatty alcohols in the other 
conditions, though high culture-to-culture variability 
limited the statistical confidence of the apparent increase 
on hydrolysate (910  mg/L vs 660  mg/L, pVal 0.16) and 
mock hydrolysate media (1180  mg/L vs 870  mg/L, pVal 
0.19) (Fig. 4). Fatty alcohol production was generally sim-
ilar in the ∆11990 OE-Pnt1 strain and the random inte-
gration strains, though in each condition a few biological 
replicates of the random integration strains tended to 
have outlier fatty alcohol concentrations. These differ-
ences between random integration strains could be the 
result of variable Pnt1 expression due to different copy 
number insertions, or due to background mutations in 
the parental genome. Indeed, in our construction of the 
OE-Pnt1 strain in the WT background, we isolated trans-
formants with a range of robustness of antibiotic resist-
ance and different growth rates on xylose, consistent 
with a range of different copy number integrations (see 
“Methods”). In cultures with extreme outlier fatty alcohol 
concentrations, e.g., OE-Pnt1-R2 on mock hydrolysate, 
higher fatty alcohol production correlated with greater 
xylose consumption. Thus, the differences observed are 
likely attributable to variations in initial inoculation (a 
possibility if random insertions result in subtle morphol-
ogy defects and thus a differing relationship between 
optical density and biomass) or stochastic variation in 
Pnt1 expression (a possibility if multiple insertions are 
present in differing genomic locations). When considered 
as a group, the random insertion mutants tended to aver-
age similar fatty alcohol production to the single copy 
∆11990 OE-Pnt1 strain. These results confirmed that 
improved growth dynamics on xylose from Pnt1 over-
expression can translate into a faster rate of bioproduct 
conversion, under the right conditions, but failed to dem-
onstrate any unambiguous additive benefit for deletion 
RTO4_11990 in this context.

Given the significant improvement in xylose conver-
sion to fatty alcohol that we achieved by overexpressing 
Pnt1, a systematic characterization of the Pnt1 regulon 
was warranted. Therefore, we compared global protein 
abundance in WT, OE-Pnt1, and a Pnt1 deletion strain 
(∆Pnt1). To best capture the full regulon of Pnt1 under 
xylose utilization conditions and minimize possible 
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confounding effects of carbon catabolite repression, while 
still supporting sufficient growth of the ∆Pnt1 strain, we 
sampled cultures in exponential phase on medium with 
40 g/L xylose as the sole carbon source and on medium 
with 40 g/L xylose plus 40 g/L glycerol as a neutral car-
bon source with respect to xylose [30]. To minimize 
physiological differences at different growth phases, we 
sampled cultures during exponential phase at constant 
OD, as opposed to at a constant time. As these were 
batch cultures grown without pH or dissolved oxygen 
control, some differences in these parameters may have 
accumulated at the time of sampling. We mapped 46,486 
unique peptide sequences to 4582 R. toruloides proteins. 
For each protein we calculated a filtered median peptide 
intensity, reflective of protein abundance relative to total 

protein in the sample. Overall consistency between bio-
logical replicates was excellent across the experiment, 
with clear distinction between all treatment groups in 
a principal component analysis of protein intensities 
(Additional file 3: Fig. S4). All peptide intensities and sta-
tistical analyses are reported in Additional file 1.

The key proteins in our metabolic model for pen-
tose assimilation, for which mutants had significant fit-
ness defects in high-throughput RB-TDNAseq assays 
on pentose sugars and alcohols [4], were amongst the 
most strongly Pnt1-induced proteins across the experi-
ment (Fig.  5A, B). For most enzymes in the pentose 
phosphate pathway, we observed modest changes in 
abundance across strains, with smaller differences in 
glycerol-supplemented media (Fig. 5C, D). These results 

Fig. 4  Fatty alcohol production in strains overexpressing Pnt1 from the Tef1 promoter, either integrated at the RTO4_11990 locus, or randomly 
integrated into the genome. A 10 g/L xylose YNB medium. B 100 g/L xylose YNB medium (C) Corn stover hydrolysate: approximately 75 g/L glucose, 
40 g/L xylose. D Mock hydrolysate with 75 g/L glucose, 40 g/L xylose in YNB medium. P-values from a student’s T-test vs the parent strain are shown 
for each strain



Page 8 of 16Coradetti et al. Microbial Cell Factories          (2023) 22:144 

are more consistent with a response to faster growth 
and, presumably, a higher cellular energy state in the OE-
Pnt1 strains on xylose and a smaller growth advantage 
in glycerol-supplemented media, as opposed to a direct 
induction of expression by Pnt1 in response to xylose. 
RTO4_13382 (xylulose phosphoketolase), however, was 
much less abundant in OE-Pnt1 vs WT in both media 
conditions, and was previously shown to be less abun-
dant in WT on xylose vs glucose [4]. While RTO4_13382 
was significantly more abundant in ∆Pnt1 vs WT on 
xylose, abundances in ∆Pnt1 and WT were similar upon 
glycerol supplementation. It should be noted that glyc-
eraldehyde-3-phosphate is a direct product of xylulose 
phosphoketolase and as such, in the presence of abun-
dant glycerol, feedback regulation could confound effects 
of Pnt1 regulation of this protein’s expression. Effects of 
Pnt1 mutations across pentose assimilation and the pen-
tose phosphate pathway are summarized in Fig.  6, and 

across the R. toruloides metabolic model in  (visualized 
with Escher [31]) Additional file 3: Fig. S5. Note that the 
metabolic models of R. toruloides pentose catabolism 
used in these figures come from the high-throughput 
studies of Kim et al. [4]. The details of this pathway are 
under active investigation and may be updated in future 
publications, especially for the proteins marked with an 
asterisk in Fig. 6.

The WT, ∆Pnt1, and OE-Pnt1 strains had different 
growth rates on xylose-containing media, even with glyc-
erol present. Doubling time was over 7  h for ∆Pnt1 on 
xylose plus glycerol and optical density increased less 
than 10% after 30  h on xylose media, whereas doubling 
time was approximately 4  h for OE-Pnt1 in both media 
conditions, and 6 to 10 h for WT. As a result, large-scale 
proteomic differences were present across conditions. 
Over 2800 protein intensities were significantly different 
between WT and a Pnt1 mutant in at least one condition. 

Fig. 5  Relative intensities for proteins with roles in xylose assimilation (A, C) or the pentose phosphate pathway (B, D) in strains OE-Pnt1, ∆Pnt1, 
and WT (IFO 0880). Circles indicate protein intensities for each of four biological replicates for each condition. Relative intensity for each sample 
is normalized to the average intensity for WT in the same condition. Enzymatic activities of these proteins in the R. toruloides metabolic model are 
shown in Fig. 6
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We thus limited our analysis to proteins with a pattern 
of abundance consistent with Pnt1 induction or repres-
sion by xylose: a statistically significant (multiple-hypoth-
esis adjusted P-values < 0.1) two-fold or greater change in 
abundance between ∆Pnt1 and OE-Pnt1 strains in both 
conditions, with an intermediate abundance in WT. A 
hierarchical clustering analysis of the 147 proteins that 
met these criteria is presented in Additional file 3: Fig. S6. 
A complete table of protein intensity scores and statisti-
cal analysis used to generate this subset of differentially 
regulated proteins is included in Additional file 1.

Cross referencing differentially abundant proteins in 
Pnt1 mutants with proteomic data from WT R. toru-
loides grown on multiple carbon sources as reported in 
[4], we noted that only 14 proteins had abundance pat-
terns in Pnt1 mutants consistent with positive regula-
tion of expression by Pnt1 and also were more abundant 
in WT on xylose than WT on glucose in the previously 

published data. Similarly, only 8 proteins had abun-
dance patterns consistent with repression by Pnt1 and 
lower abundance in WT on xylose than WT on glu-
cose. These proteins, constituting the Pnt1-dependent 
xylose regulon, are listed in Table 1. The rest of the 147 
proteins with differential abundance across the Pnt1 
mutant strains had abundance patterns across the two 
datasets more consistent with regulation by cellular 
energy state than by a direct Pnt1-mediated response to 
xylose. For example, RTO4_8709 adenylylsulfate kinase, 
was over fourfold more abundant in OE-Pnt1 than 
∆Pnt1 on xylose but also over fivefold more abundant 
in WT on glucose than WT on xylose (see Additional 
file  1 for a comparison of relative abundances across 
both data sets). The proteins listed in Table  1 which 
are not already accounted for in the R. toruloides meta-
bolic model (Fig.  6) are good candidates for further 
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examination in the context of pentose catabolism and 
xylose conversion to bioproducts.

Discussion
Our results confirm that Pnt1 is a major regulator of 
pentose catabolism in R. toruloides. Given our data and 
established mechanisms for other zinc binuclear cluster 
transcription factors, Pnt1 most likely acts primarily as a 
transcriptional activator of gene expression. Direct bind-
ing and transcriptomic studies would be required to con-
clusively demonstrate that mechanism, however.

Our identification of Pnt1 illustrates the value of 
unbiased high-throughput methods to uncover gene 
function, despite the large corpus of gene functions 
characterized in diverse model systems. At the outset 
of these experiments, an extremely thorough manual 
review of all known transcriptional regulators of alter-
native catabolism may well have identified RTO4_12978 
as a potential protein of interest due to its similarity to 
a reported regulator of erythritol catabolism in a dis-
tantly related yeast. However, the preponderance of 
closely related sequences with known or inferred roles 
in unrelated processes greatly obfuscates any a priori 

prediction of RTO4_12978’s function. Implementing 
functional high-throughput screening methods directly 
in strains of interest opens the opportunity to better 
leverage the unique aspects of those strains’ biology for 
biotechnological applications.

Only one protein not accounted for in our existing 
metabolic model for pentose catabolism [4] had com-
parable magnitude of abundance changes to the major 
known enzymes of pentose assimilation: RTO4_8504, 
similar to aldose-1 epimerases. Co-regulation of 
RTO4_8504 with the rest of the xylose assimilation 
pathway implies that in R. toruloides’ natural environ-
ment, the spontaneous interconversion between alpha 
and beta anomers of a pentose sugar may become rate 
limiting in some cases, even though RTO4_8504 muta-
tions had no significant fitness defect when grown on 
any the pentose sugars we tested in our high-through-
put assay [4].

A few proteins had more modest, but consistent and 
statistically significant changes in abundance in Pnt1 
mutants. These included RTO4_16635, p-coumarate 
CoA ligase [4] and RTO4_10421, an aldehyde dehydro-
genase with some similarity to p-cumic aldehyde dehy-
drogenase cymC from Pseudomonas putida [32]. Most 
likely there is an adaptive advantage for R. toruloides 
to poise rate-limiting steps for catabolism of aromatic 
derivatives of lignin when consuming xylose, which will 
reliably be found in the presence of decaying plant mat-
ter. RTO4_13328, orthologous to S. cerevisiae D-lactate 
dehydrogenase DLD1 may play some role in removing 
2-hydroxyglutarate accumulation under stress [33] or, 
given the promiscuity of many oxidoreductases involved 
in pentose metabolism, it may play some more direct 
role in pentose assimilation. RNA-binding polyadenyla-
tion factor RTO4_9798 may have a general role in stress 
response [34], or a specific role in regulation of expres-
sion of pentose assimilation proteins.

In S. cerevisiae engineered to improve xylose fermen-
tation, it was advantageous to delete the major NADPH-
dependent glutamate dehydrogenase (GDH) and 
overexpress an NADH-dependent GDH to compensate, 
reducing competition for NADPH required for xylose 
reductase [35]. We found the ortholog of the S. cerevisiae 
NADPH-dependent GDH (RTO4_12248) abundance was 
correlated with Pnt1 abundance, while the ortholog of 
the S. cerevisiae NADH-dependent GDH (RTO4_9856) 
was inversely correlated. Direct binding studies would be 
required to distinguish if these effects result from direct 
action of Pnt1 or as a consequence of altered NADPH/
NADH ratios in these mutants. Regardless of the spe-
cific mechanism involved, R. toruloides’ native regulation 
of GDH expression on xylose apparently favors a shift 
towards more of the NADPH-dependent enzyme when 

Table 1  The Pnt1 regulon

LFC: Log-Fold Change of OE-Pnt1 vs ∆Pnt1 on xylose. LFC could not be 
calculated for RTO4_12976 and RTO4_12917 as they were not detected in the 
∆Pnt1 and OE-Pnt1 strain, respectively

Protein LFC Description

12974 6.6 l-arabitol dehydrogenase

12977 6.3 l-arabitol dehydrogenase

16452 5.1 Predicted xylitol dehydrogenase

8504 4.9 Aldose 1-epimerase

8988 4.6 Predicted l-xylulose reductase

9990 4.4 Predicted d-arabitol dehydrogenase

14368 3.8 Ribulokinase

16635 3.5 p-Coumarate-CoA ligase

9798 3.2 RNA-binding polyadenylation factor

10421 2.2 Similar to 4-hydroxymuconic semialdehyde dehy‑
drogenase

12248 2.1 NADP(+)-dependent glutamate dehydrogenase

9774 2.0 Xylose reductase

13328 1.3 d-lactate dehydrogenase

12976 (+) Similar to xylose transporters

12917 (−) Protein of unknown function

11642 − 1.9 Similar to lipid/aromatic oxidoreductases

13088 − 2.1 Metalloendoprotease

11085 − 2.2 Similar to nitronate monooxygenase

14597 − 2.2 Acetyl-CoA synthetase

9868 − 2.7 TPSO/MBR family protein

9856 − 3.0 NAD(+) specific glutamate dehydrogenase

15678 − 3.2 Protein of unknown function



Page 11 of 16Coradetti et al. Microbial Cell Factories          (2023) 22:144 	

pentose catabolism is upregulated by Pnt1. This shift will 
likely need to be overridden in R. toruloides strains opti-
mized for growth on xylose in order to reduce competi-
tion for NADPH.

Ultimately, our goal in exploring R. toruloides native 
xylose metabolism is to enable improved conversion of 
xylose to bioproducts. Through manipulation of Pnt1 
expression, we found a convenient tool to increase 
expression of major enzymes converting xylose to pen-
tose phosphate pathway intermediates. This coordinated 
upregulation was sufficient to increase the  initial spe-
cific growth rate twofold and maximum specific growth 
by 18% when OE-Pnt1 was inoculated in medium with 
xylose as the sole carbon source, and reduce the transi-
tional lag when shifting from glucose consumption to 
xylose consumption in medium containing both sugars.

These improvements in the dynamics of growth and 
xylose utilization translated into a 120% increase in 
the overall rate of fatty alcohol production in a 5-day 
batch culture on 100 g/L xylose. The corresponding rate 
increase in fatty alcohol production was more modest 
(~ 35%) on biomass hydrolysate medium containing a 
mix of glucose and pentose sugars, commensurate with 
a smaller increase in overall growth rates of OE-Pnt1 on 
media with both glucose and xylose. The fatty alcohol 
concentrations achieved in this experiment were com-
parable to reported titers from other oleaginous engi-
neered for fatty alcohol production cultivated on xylose 
in bioreactor systems (~ 1 g/L) [36, 37], but substantially 
below recently reported titers for highly engineered fatty 
alcohol strains grown on glucose in optimized bioreac-
tor studies (as high as 8  g/L) [38–41]. Our objective in 
these experiments was to demonstrate that manipulation 
of pentose catabolite enzyme expression through regula-
tory proteins can improve the rate of bioproduct conver-
sion from pentose-rich biomass hydrolysates to higher 
value products under certain conditions. Further strain 
engineering and process development will be needed 
to achieve higher titers and yields. The ultimate impact 
of such manipulations will be highly dependent on the 
details of hydrolysate composition, production condi-
tions, and final product, but regulation of alternative 
carbon catabolism should be considered in any multifac-
torial engineering strategy for bioconversion of complex 
substrates.

As we identified RTO4_11990—a close relative of 
putative glucose transceptors participating in car-
bon catabolite repression signaling [26]—in our high 
throughput fitness assays on xylose, a natural extension 
of our manipulation of Pnt1 expression was to delete 
RTO4_11990 in an attempt to reduce the effects of car-
bon catabolite repression. Surprisingly the effects of 
deleting RTO4_11990 were very similar to those of Pnt1 

overexpression, with faster initial growth on xylose and 
a slightly faster transition to xylose consumption as glu-
cose was exhausted in cultures with both glucose and 
xylose, but with no apparent increase in the co-utiliza-
tion of xylose and glucose. We therefore conclude that 
RTO4_11990 may function as a tranceptor regulating 
xylose catabolism, but if it does, then glucose is not the 
molecule that it primarily interacts with. Deletions for 
two more homologs of reported glucose transceptors 
involved in carbon catabolite repression in other fungi 
also did not increase the rate of xylose co-utilization 
with glucose in isolation or in combination with dele-
tion of RTO4_11990. We cannot rule out some func-
tion in glucose sensing of one or more of these putative 
transceptors in cooperation with additional proteins, 
but have no evidence to that effect at this time. Given 
the need to optimize production of bioproducts from 
mixed substrates derived from lignocellulosic biomass, 
a deeper exploration of the key factors mediating car-
bon catabolite repression in R. toruloides is warranted.

Conclusions
The zinc binuclear cluster transcription factor Pnt1 is a 
major regulator of pentose catabolism in R. toruloides. 
The Pnt1 regulon in response to xylose is dominated 
by proteins with known or suspected roles in pentose 
utilization in R. toruloides, reported to impact pentose 
catabolism in other species, or with predicted function 
that could relate to catabolism of aromatic compounds 
associated with decaying plant matter. Overexpres-
sion of Pnt1 is sufficient to increase the abundance of 
major enzymes in the pentose catabolism pathway and 
increase the rate of xylose utilization when transition-
ing from other carbon sources. This increased rate of 
xylose utilization translated to an increased overall rate 
of bioproduct production in some xylose-rich condi-
tions. Manipulation of Pnt1 expression is an important 
new tool to optimize the conversion of pentose-rich 
biomass to higher value bioproducts in R. toruloides.

Methods
Phylogenetic analysis
The protein sequences were retrieved from Uniprot 
and searched against a local database of nine fungal 
proteomes also retrieved from Uniprot [42]: Candida 
albicans (UP000000559), Cryptococcus neoformans 
(UP000002149), Emericella nidulans (UP000000560), 
Neurospora crassa (UP000001805), Saccharomy-
ces Cerevisiae (UP000002311), Schizosaccharomyces 
pombe (UP000002485), Rhodosporidium toruloides 
(UP000239560), Ustilago maydis (UP000000561), 
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and Yarrowia lipolytica (UP000001300). Significant 
matches (E-value < 0.01) were aligned with MAFFT 
[43]. Phylogenetic trees were constructed with FastTree 
[44]. Trees were visualized with iTol [45].

Strains and sequences
Rhodosporidium toruloides (a.k.a. Rhodotorula toru-
loides, a.k.a Rhodotorula graciis) strain IFO 0880 (a.k.a 
NBRC 0880) was obtained from the Biological Resource 
Center, NITE (NBRC), Japan. All strains named in this 
work are available to order through the Agile BioFoundry 
parts registry at https://​public-​regis​try.​agile​biofo​undry.​
org. The registry website also hosts all applicable plas-
mid sequences. Applicable strains and plasmid sequences 
are listed by figure in Additional file  2. Protein identifi-
cation numbers used in this manuscript are from the R. 
toruloides genome version 4, available on Mycocosm, 
the US Department of Energy Joint Genome Institute 
fungal genome repository [46]. Selection markers used 
in R. toruloides were hygromycin and G418 resistance 
cassettes using the R. toruloides Tub2 promoter and ter-
minator (see sequences on the Agile BioFoundry parts 
registry). Some selectable markers had a C-terminal 
fused sequence of thymidine kinase from herpes sim-
plex virus, a useful construct for counter-selection and 
marker recovery [47], though no markers were recycled 
in this study.

For strains constructed by homologous recombination 
(e.g., full-deletion mutants), the parental strain was either 
a deletion mutant of the non-homologous end-joining 
factor Ku70 [48] or wild type. Homologous recombina-
tion and non-homologous end-joining (i.e., for gener-
ating randomly integrated mutants) was achieved by 
transforming R. toruloides with linearized plasmid by a 
lithium acetate transformation protocol as described in 
[49], or TDNA insertion by Agrobacterium tumefaciens-
mediated transformation as described in [50]. Strain con-
struction methods are listed for each strain in Additional 
file  2. For all deletion mutants, successful deletion was 
confirmed by diagnostic PCR at the altered locus. For 
targeted insertion of OE-Pnt1 at the RTO4_11990 locus, 
insertion was confirmed by diagnostic PCR followed by 
sequence verification of the inserted sequence. For con-
struction of the OE-Pnt1 strain by random insertion, 
24 randomly selected transformants were screened for 
growth in liquid culture with 600 µg/mL of the selective 
agent G418 (100  µg/mL is a common concentration for 
routine selection with G418). Significant variation was 
observed in growth rates amongst transformants, likely 
a consequence of different levels of expression of the 
selective marker due to local chromatin structure, num-
ber of integrations, and some rate of incomplete partial 
TDNA integrations. The three fastest growing strains 

were tested for growth on xylose plus glycerol. All three 
of these strains exhibited faster growth than WT in this 
condition and the fastest growing colony was selected for 
further characterization as the OE-Pnt1 strain.

For fatty alcohol production, the parental strain was R. 
toruloides IFO 0880 with a single copy of the Marinobac-
ter aquaeolei fatty-acyl-CoA reductase (Maqu FAR 2220, 
[12]) integrated at the Ku70 locus, further engineered to 
reduce fatty alcohol catabolism (manuscript in prepara-
tion). To create the ∆11990 OE-Pnt1 fatty alcohol pro-
duction strain, the parental strain was transformed with 
a linearized plasmid containing the OE-Ptn1 expres-
sion cassette flanked by homologous sequences to the 
RTO4_11990 locus. Outside the RTO4_11990 sequence 
was a GFP fluorescence cassette. A non-GFP expressing 
transformant was confirmed for OE-Pnt1 integration at 
the RTO4_11990 locus with diagnostic PCR. Three inde-
pendent GFP positive transformants were also selected 
as random integration mutants, with a presumably 
intact RTO4_11990 locus, though that sequence was not 
confirmed.

Media and growth conditions
All chemicals used in this study were from Sigma Aldrich 
unless otherwise stated. Strains were cultured at 30  °C 
unless otherwise stated. For regular strain maintenance 
and transformation, cells were grown in 10  g/L yeast 
extract, 20 g/L peptone, 20 g/L glucose (YPD).

For growth and sugar utilization experiments (Figs. 2, 
3), strains were grown on medium consisting of 40  g/L 
xylose (or 20 g/L xylose plus 20 g/L glucose) with 1.7 g/L 
yeast nitrogen base without ammonium sulfate and 
amino acids (BD 233520), 0.2 g/L MgCl2⋅6H2O, 0.25 g/L 
MgSO4⋅6H2O, 2.5 mM KCl, 10 g/L yeast extract (Y1625), 
and 100  µM FeSO4 (final pH 5.6). This medium formu-
lation is similar to one previously reported to maximize 
R. toruloides xylose utilization [51]. With 40 g/L xylose, 
and assuming that yeast extract has a similar C/N ratio 
to glutathione, this medium has a C/N ratio ~ 17, which 
should result in relatively low lipid accumulation. Cells 
were precultured in YPD overnight, washed with water, 
inoculated at an optical density of 0.05 or 0.025 (for 
xylose and glucose plus xylose conditions, respectively) 
in 600 µL experimental medium and grown for 28 h in a 
microtiter plate format: 48-well M2P Labs Flower Plate 
MTP-48-B (2000 µL total volume) at 1500 RPM agitation, 
30 °C, and 85% relative humidity in a BioLector Pro high-
throughput microbioreactor (M2P Labs). The M2P Labs 
Flower Plate allows for small scale cultivation at high 
oxygen transfer rates [52]. Over the course of the experi-
ment, 20  µL samples were collected for optical density 
and HPLC analysis of glucose and xylose. For Additional 
file 3: Fig. S1 the medium was the same as above except 

https://public-registry.agilebiofoundry.org
https://public-registry.agilebiofoundry.org
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that sugar concentrations were 40 g/L xylose (C/N ~ 17) 
or 40 g/L xylose plus 40 g/L glucose (C/N ~ 30) and total 
culture volume was 400 µL. For Additional file 3: Fig. S2, 
medium was the same as that used for proteomics exper-
iments, see below.

For fatty alcohol production experiments, we used a 
modified synthetic defined medium (1.7 g/L yeast nitro-
gen base, 0.79  g/L complete supplement mix, 5  g/L 
(NH4)2SO4, 100  mM phosphate buffer at pH 6.0, 10 
µM FeSO4, and 0.1% tergitol). To this base media we 
added three different sugar combinations: 10 g/L xylose 
(C/N ~ 5); 100  g/L xylose (C/N ~ 45); or for the mock 
hydrolysate condition 75 g/L Glucose plus 40 g/L xylose 
(C/N ~ 50). For the hydrolysate condition, concentrated 
deacetylated, mechanically refined corn stover hydro-
lysate [29] was obtained from the National Renewable 
Energy Laboratory and diluted to 75  g/L glucose with 
1 g/L ammonium sulfate (Sigma A4418), 100 mM phos-
phate buffer at pH 6.0, 10 uM FeSO4, and 0.1% tergitol. At 
this concentration the medium contains approximately 
40 g/L xylose, 5 g/L arabinose, 2.5 g/L lactic acid, 0.5 g/L 
acetate, approximately 0.5–1  g/L of the lignin break-
down products benzoic acid, coumaric acid and ferulic 
acid, and approximately 1 mM amino acids (C/N ~ 250). 
This hydrolysate was specifically developed to reduce the 
concentrations of common microbial inhibitors furfural 
and hydroxymethylfurfural, but presumably many such 
inhibitory compounds were present at low levels. Cells 
were precultured in YPD overnight and inoculated at 
an optical density of 0.1 in 800 µl experimental medium 
plus 200  µL of dodecane overlay (Sigma D221104) and 
cultured in microtiter plates for 6  days. At the conclu-
sion of the experiment, 100 µL dodecane with 1 mg/mL 
tridecanol (Sigma T57630) was added to the culture, 
then mixed vigorously. Then 60  µL of the organic over-
lay was sampled, diluted into 300 µl ethyl acetate (Sigma, 
1007891000) and stored for GC-FID analysis. Culture 
supernatants were also tested for remaining xylose with 
the Neogen Megazyme xylose assay kit (cat# k-xylose).

For proteomic analysis the growth medium was 
40  g/L xylose (or 40  g/L xylose plus 40  g/L glycerol), 
6.7  g/L yeast nitrogen base with ammonium sulfate 
and without amino acids (Sigma Y0626), 180  mM 
KH2PO4, 20  mM K2HPO4, 176  mg/L nitrilotriacetic 
acid, 600  mg/L MgSO4⋅7H2O, 200  mg/L MgCl2⋅6H2O, 
120  mg/L MnSO4⋅4H2O, 118  mg/L NaCl, 36  mg/L 
FeSO4⋅7H2O, 11.8  mg/L CoSO4⋅7H2O, 11.8  mg/L 
CaCl2⋅2H2O, 11.8  mg/L ZnSO4⋅7H2O, 1.2  mg/L 
CuSO4⋅5H2O, 1.2  mg/L AlK(SO4)2⋅12H2O, 11.8  mg/L 
H3BO3, Na2MoO4⋅2H2O, 2.5 mM KCl, pH 5.6 (C/N ~ 18). 
Four individual colonies for each strain were precultured 
in YPD overnight, washed with water, inoculated to vary-
ing initial optical densities, and grown for 30 or 56 h (for 

xylose and xylose plus glycerol conditions, respectively). 
Because different strains had different growth rates, to 
maintain cells within exponential phase and generate 
enough biomass for protein extraction and analysis, dif-
ferent starting inocula and culture times were required 
for each strain and condition. Culturing took place in 800 
µL of growth medium in a 48-well M2P Labs microtiter 
Flower Plate (MTP-48-B) with a total of 4 biological and 
4 technical replicates for each strain. Cultures were then 
harvested during exponential phase (average OD600 5 ± 2) 
by sampling 6 OD600 (10 mm path length) equivalents for 
each biological replicate (after combining the 4 technical 
replicates for each biological replicate), centrifuged for 
1  min at 21,000 RCF, supernatant decanted, pellet flash 
frozen with liquid nitrogen, and stored at − 80 °C for pro-
tein extraction and analysis.

Sugar quantification
Sugars were quantified on a Dionex Ultimate 3000 system 
UHPLC (Agilent Technologies) using an Aminex HPX-
87H column (Bio-Rad 1250140) and Thermo Scientific 
RefractoMax 520 Refractive Index Detector (RID) held 
at 35  °C. Prior to analysis, samples were diluted to 1:10 
and filtered through a 0.45 µM polypropylene membrane 
microplate filter (Agilent 200983-100) by centrifuga-
tion at 3000 RCF for 3 min. Samples were run for 26 min 
using an isocratic 4  mM sulfuric acid mobile phase at 
0.6  mL/min and 65  °C. Glucose, xylose, and glycerol 
standards were prepared and diluted to create a 5-point 
calibration curve ranging from 0.125 to 2.0 mg/mL.

Fatty alcohol quantification
Fatty alcohols were quantified by gas chromatography 
with a DB-wax column (Agilent, 123-7012) on a Thermo 
Scientific Focus gas chromatograph (AS 3000 II) with 
a flame ionization detector. For each sample, the col-
umn was equilibrated at 150 °C for 3 min, followed by a 
ramp to 245  °C at 20  °C/min, and then was held at this 
temperature for 6  min. Final FOH concentrations were 
measured by comparing the peak areas of cetyl alcohol 
C16:0, palmitoleyl alcohol C16:1, 1‐heptadecanol C17:0, 
stearyl alcohol C18:0, and oleyl alcohol C18:1 to that of 
the C13:0 internal standard with calibration curves from 
a custom FOH standard mix in ethyl acetate.

Statistical analysis
For all direct comparisons of growth, sugar utilization, or 
fatty alcohol accumulation described in the text, we use 
a 1-tailed student’s T-test on three independent biologi-
cal replicates (calculated in Microsoft Excel). A table of 
these calculations is included in Additional file  2. For 
statistical analysis of proteomic data we used a combi-
nation of parametric (ANOVA with post-hoc Tukey test 
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on intensity scores) and non-parametric tests (G-test on 
peptide abundance/absence) as previously described for 
proteomic intensity data with missing values (Webb-
Robertson et al., 2010). P-values were then corrected for 
multiple hypothesis testing with the Benjamini–Hoch-
berg procedure [53].

Proteomic analysis
Proteomic samples were prepared based on a previously 
established protocol [4, 54]. Equal biomass cell pellets (6 
OD units) were subjected to protein extraction and diges-
tion. Equal total mass of peptide digests (500  ng) were 
then loaded onto in-house packed reversed-phase cap-
illary columns (30  cm × 75  μm i.d.) with 1.7-μm Waters 
AQ BEH. The separation was carried out using a stand-
ard LC system equipped with a binary nanoUPLC pump 
(Thermo Dionex Ultimate 3000, Thermo Scientific) with 
trapping. The mobile phase A is 0.1% formic acid in water 
while mobile phase B is 0.1% formic acid in acetonitrile. 
The elution was carried out at 200 nL/min at 50 °C with 
the following gradient: 0–2.6  min 1% B; 2.6–12.6  min 
1%-8% B; 12.6–107.6  min 8–12% B; 107.6–117.6  min 
25–35% B; 117.8–122.6  min 35–75% B. The LC column 
was washed using 95% B and equilibrated using 1% B. MS 
analysis was carried out using a Q Exactive HF-X Orbit-
rap MS (Thermo Scientific, San Jose, CA, USA) in data 
dependent mode. Mass spectrometer settings were as 
following: full MS (AGC, 3 × 106; resolution, 60,000; m/z 
range, 300–1800; maximum ion time, 20  ms); MS/MS 
(AGC, 1 × 105; resolution, 45,000; m/z range, 200–2000; 
maximum ion time, 100  ms; minimum signal thresh-
old, 5.0 × 103; isolation width, 0.7 Da; TopN 12; dynamic 
exclusion time setting, 45 s; collision energy, NCE 30).

Protein identification was carried out by MS-GF + [55] 
and filtered by false discovery rate of ≤ 1% (Qvalue < 0.01 
in MS-GF +) and less than 5-ppm mass accuracy. The 
peptide-level intensities were obtained by MASIC  [56] 
software and used for further data processing. Data qual-
ity was ensured by a robust Principal Component Analy-
sis to compute a robust Mahalanobis distance based on 
sample-level parameters [57]. The default for normaliza-
tion is standard global median centering to account for 
total abundance differences between samples. A test was 
performed to assure that these factors are not biased [58]. 
For this dataset, no bias was detected and we utilized 
global median centering  [59]. The objective of this nor-
malization procedure is that intensities across samples 
should represent relative abundance of a given protein as 
a fraction of total protein in each sample. Protein quan-
tification was performed with standard reference-based 
median averages  [60, 61]. The data have been depos-
ited to the ProteomeXchange Consortium  [62] via the 

MASSIVE partner repository with the accession number 
of MSV000089938.
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Additional file 1: Intensities and statistical analysis from global proteom‑
ics of WT IFO 0880, OE-Pnt1, ∆Pnt1 grown on xylose and xylose plus 
glycerol medium.

Additional file 2 Strains used in this study with strain IDs and part 
numbers for relevant plasmids for retrieval on the Agile BioFoundry public 
registry (https://​public-​regis​try.​agile​biofo​undry.​org) Data used for T-tests 
referenced in the text.

Additional file 3: Figure S1. Growth, sugar utilization, and biomass yields 
of OE-Pnt1 and WT R. toruloides on media containing 40 g/L xylose or 40 
g/L xylose plus 40 g/L glucose. (A-B) OD 600 (C-D) Remaining xylose in the 
medium. (E-F) Arabitol accumulation. (G-H) Xylitol accumulation. Figure 
S2. High-resolution time course of OE-Pnt1 growth vs WT on 40 g/L 
xylose. (A) Log biomass. Biolector absorbance measurements processed to 
subtract individual well bias and smoothed with a LOWESS curve before 
log transformation. (B) Specific growth rate calculated from smoothed 
biolector absorbance. Note that relation of biolector absorbance to true 
biomass by dry weight may change with culture density and cellular mor‑
phology. Figure S3. Xylose consumption in strains overexpressing Pnt1 
from the Tef1 promoter, either integrated at the RTO4_11990 locus, or 
randomly integrated into the genome. (A) 10 g/L xylose YNB medium. (B) 
100 g/L xylose YNB medium (C) Corn stover hydrolysate: approximately 75 
g/L glucose, 40 g/L xylose. (D) Mock hydrolysate with 75 g/L glucose, 40 
g/L xylose in YNB medium. P-values from a student’s T-test vs the parent 
strain are shown for each strain. Figure S4. Principal component analysis 
of protein intensities from global proteomics of WT IFO 0880, OE-Pnt1, 
∆Pnt1 strains grown on xylose or xylose plus glycerol. Log2-transformed 
intensities were normalized across samples by z-score before PCA analysis. 
Figure S5. Metabolic model of R. toruloides carbon metabolism with rela‑
tive protein abundance in the OE-Pnt1 strain and ∆Pnt1 strain on xylose 
plus glycerol. Reaction arrows are mean log2-fold change of all proteins 
with predicted function in the R. toruloides metabolic model. Figure S6. 
Hierarchical clustering of intensity Z-scores for 58 differentially abundant 
proteins in Pnt1 mutants grown on xylose. Proteins included in this analy‑
sis had at least 2-fold differential abundance in OE-Pnt1 vs ∆Pnt1 on both 
xylose and xylose plus glycerol. They also were required to show consist‑
ent statistically significant (P-value < 0.05) abundance differences to WT in 
both mutant strains in both media conditions. Statistical significance was 
assessed with a multiple-hypothesis-adjusted, equal-variance two-tailed 
T-test on protein intensities. Proteins and samples were bidirectionally 
clustered with Euclidean distance as the similarity metric and the Ward 
method for clustering. White cells are samples in which a protein was not 
detected.
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