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Corn stover variability drives differences in bisabolene 
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Abstract: Microbial conversion of lignocellulosic biomass represents an alternative route for production of biofuels and bioprod- 
ucts. While researchers have mostly focused on engineering strains such as Rhodotorula toruloides for better bisabolene production as a 
sustainable aviation fuel, less is known about the impact of the feedstock heterogeneity on bisabolene production. Critical material at- 
tributes like feedstock composition, nutritional content, and inhibitory compounds can all influence bioconversion. Further, the given 

feedstocks can have a marked influence on selection of suitable pretreatment and hydrolysis technologies, optimizing the fermenta- 
tion conditions, and possibly even modifying the microorganism’s metabolic pathways, to better utilize the available feedstock. This 
work aimed to examine and understand how variations in corn stover batches, anatomical fractions, and storage conditions impact 
the efficiency of bisabolene production by R. toruloides. All of these represent different facets of feedstock heterogeneity. Deacetyla- 
tion, mechanical refining, and enzymatic hydrolysis of these variable feedstocks served as the basis of this research. The resulting 
hydrolysates were converted to bisabolene via fermentation, a sustainable aviation fuel precursor, using an engineered R. toruloides 
strain. This study showed that different sources of feedstock heterogeneity can influence microbial growth and product titer in coun- 
terintuitive ways, as revealed through global analysis of protein expression. The maximum bisabolene produced by R. toruloides was 
on the stalk fraction of corn stover hydrolysate (8.89 ± 0.47 g/L). Further, proteomics analysis comparing the protein expression be- 
tween the anatomic fractions showed that proteins relating to carbohydrate metabolism, energy production, and conversion as well 
as inorganic ion transport metabolism were either significantly upregulated or downregulated. Specifically, downregulation of pro- 
teins related to the iron–sulfur cluster in stalk fraction suggests a coordinated response by R. toruloides to maintain overall metabolic 
balance, and this was corroborated by the concentration of iron in the feedstocks. 

One-Sentence Summary: This study elucidates the effects of different sources of corn stover on bisabolene production by engineered 
Rhodotorula toruloides , highlighting the importance of understanding feedstock variability to enhance bioprocess efficiency and eco- 
nomic outcomes. 

Keywords: Corn stover variability, Anatomic fractions, Self-heating, Bisabolene, R. toruloides , Fermentation 
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tablish a more circular economy that includes driving the shift of 
the chemical industry and biorefineries towards using renewable 
feedstocks, to minimize net carbon dioxide (CO2 ) emission per 
unit of generated chemical or fuel (Blank et al., 2020 ; Prather, 2020 ; 
Tagliapietra & Wolff, 2021 ). Under this circumstance, it is crucial 
to develop production processes based on the wastes generated 
Introduction 

A global shift to more sustainable resources and technologies has
offered a great opportunity for biomanufacturing, particularly mi-
crobial fermentation. Given the technological advances in renew-
able energy generation, the global community is attempting to es-
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y other sources of economic activity. Such wastes include ligno-
ellulosic biomass, plastics, and CO2 . An emerging solution is the
ransformation of these wastes into simple molecules, which can
e subsequently used as feedstock for microbial fermentation. In
he recent White House report (The White House Office of Science
nd Technology Policy, 2023 ), the Department of Energy identified
reas where biotechnology and biomanufacturing can play a crit-
cal role in reducing greenhouse gas (GHG) emissions and remov-
ng carbon from the atmosphere. According to the report, in 20
ears, the United States hopes to collect and process on an annual
asis, 1.2 billion metric tons of conversion-ready, purpose-grown
lants and waste-derived feedstocks suitable for conversion to fu-
ls and products, while minimizing emissions, water use, habitat
oss, and other sustainability challenges. Furthermore, the United
tates anticipates the production of 3 billion gallons of sustain-
ble aviation fuels (SAF) in 7 years, with at least 50% reduction
n GHG lifecycle emissions relative to conventional aviation fu-
ls, with production rising to 35 billion gallons in 2050 (The White
ouse Office of Science and Technology Policy, 2023 ). 
It is evident that the United States has a great potential for ex-

anding the use of renewable feedstocks due to the ability to grow,
arvest, store, and transport agricultural products on an enor-
ous scale. These feedstocks will be critical for achieving trans-
ortation fuel production goals as well as providing sustainable
eedstock for decarbonization efforts across other sectors. Large
uantities of biomass are necessary to supply emerging bioen-
rgy conversion facilities, on the scale of 2 , 100 tons per day for
 61-million gal per year biorefinery (Humbird et al., 2011 ). How-
ver, it is challenging to provide a consistent supply of biomass
hroughout the year, since most agricultural residues are season-
lly harvested and will require extended on-farm storage. Fur-
hermore, there are significant challenges to reliable and efficient
iomass conversion to fuels and products as a result of the differ-
nt sources of biomass variability. Corn stover is one such residue
hat has gained considerable attention as a bioenergy feedstock
ue to its current availability and collection infrastructure. Cur-
ent U.S. estimates suggest that up to 256 million tons per year of
orn stover could be sustainably harvested (“US Billion Ton Up-
ate: Biomass supply for a bioenergy and bioproducts industry
executive summary),” 2011). However, several factors contribute
o the compositional variability of corn stover. For example, feed-
tock ash and moisture content vary considerably in corn stover
arvested for bioconversion and this well translates to inherent
ariability in the chemical composition (Shah et al., 2011 ; Shin-
ers et al., 2007 ). 
Ash accelerates the rate of wear of processing equipment,
hich can vary depending on the composition of the ash, the type
f biomass being processed, and the equipment used. Researchers
eported that corn stover with high ash content due to contamina-
ion from soil consumed higher power during grinding, resulting
n reductions of processing rates and producing a larger fraction
f fine particles in the feedstock that were lost to dust mitiga-
ion systems (Sievers et al., 2020 ). Corn stover, which consists of
talks, leaves, husks, and cobs left behind after harvest, contains
arying levels of ash depending on factors like soil conditions, fer-
ilization, and harvesting practices. Therefore, a comprehensive
pproach that considers material selection, equipment design,
nd maintenance practices is essential to minimize the effects of
sh-related wear in biomass processing (Li et al., 2020 ; Yan et al.,
020 ). Furthermore, researchers have observed that corn stover
eedstock from fields with a high residual moisture content re-
ults in bale degradation due to self-heating. In turn, self-heating
aused a more pronounced drop in preprocessing throughput due
o grinder overloads and process upsets, leading to equipment
owntime (Ray et al., 2020 ). Despite the challenges in corn stover
reprocessing, Sievers et al. (2020 ) reported that conversion yield
o sugars was not affected. The implications of biological degra-
ation potentially impact the overall efficiency, conversion, and
ields of integrated biorefineries. One significant challenge asso-
iated with production of biofuels from lignocellulose is its recal-
itrance with respect to bioconversion (Himmel et al., 2007 ). How-
ver, there is no study to show the impact of corn stover variability
n fermentation performance of the corn stover sugar streams. 
The variability caused by storage and handling conditions
ould likely “trickle down” to variability in the processed biomass
nd ultimately the production titer, yield, and productivity. In-
ustrial processes can be financially viable with some variability,
ut certain processes are more robust than others. Most notably,
rocesses with low-value products will have lower profit margins,
aking them more sensitive to variability. Researchers have
sed elements of the quality by design approach such as critical
aterial attributes, critical process parameters, and critical qual-

ty attributes to understand and mitigate impacts of feedstock
ariability on bioconversion processes for potential application at
n industrial scale (Leal et al., 2020 ). Rhodotorula toruloides has also
een the subject of intense research for bioconversion, due in part
o its native ability to efficiently convert glucose and xylose from
ydrolyzed lignocellulose. Its growth and productivity were re-
ortedly enhanced in lignocellulosic hydrolysates relative to puri-
ed substrates (Yaegashi et al., 2017 ). Rhodotorula toruloides was en-
ineered to produce bisabolene, a potential jet fuel precursor that
an be transformed into its saturated form (bisabolane) through
ydrogenation to ensure compatibility with jet engines (Kirby
t al., 2021 ). Due to the physicochemical and structural variability
hat exists within corn stover biomass, remarkable efforts have
een made to de-risk the variability and material attributes that
ffect the biomass value chain (Ray et al., 2020 ). However, there
s still a lack of comprehensive information that addresses how
ignocellulosic biomass variability affects microbial fermentation.
The goal of this study is to understand how different sources

f variability in corn stover affect conversion to bisabolene by R.
oruloides after deacetylation, mechanical refining, and enzymatic
ydrolysis (DMR-EH) pretreatment. Understanding how variabil-
ty of various DMR-EH-treated corn stover affects conversion to
isabolene by R. toruloides would provide a clearer picture of the
readth of influence that feedstock variability imparts. By exam-
ning factors such as the sugar and elemental composition of dif-
erent corn stover sources, variations of different anatomic frac-
ions, and the effects of biological degradation during storage, this
tudy contributes to the understanding of bioproduction variabil-
ty, supporting the development of more efficient and robust bio-
rocesses. This body of work would provide valuable insights into
ptimizing the process, addressing challenges, and potentially un-
overing new avenues for improving bisabolene production from
orn stover. This work is part of an ongoing collaboration between
ultiple national laboratories to investigate the effects of feed-
tock properties, as illustrated in Fig. 1 . Investigators at Sandia
ational Laboratories (SNL), National Renewable Energy Labora-
ory (NREL), Lawrence Berkeley National Laboratory (LBNL), and
acific Northwest National Laboratory (PNNL) contributed to this
esearch. Each of the collaborating research teams offered key
ontributions in the study of biochemical conversion of sourced
orn stover to bisabolene via R. toruloides : NREL researchers chose
everal batches of corn stover as representatives for different ash
nd moisture compositions, storage conditions, and anatomical
ractions, and applied the DMR-EH process for use of resulting
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Fig. 1. Biomass conversion processes. (A) Characterized biomass. Figure modified from previously published images by Bose et al. (2020 ). (B) National 
Renewable Energy Laboratory’s deacetylation and mechanical refining method was used to treat the different corn stover batches (Chen et al., 2016 ). 
(C) Fermentation by R. toruloides was performed using AMBR250 bioreactor (this study). 

 

 

 

 

 

 

 

 

 

 

 

 

 

hydrolysates in fermentation; LBNL researchers conducted the
fermentation experiments described in this study, using an en-
gineered strain of R. toruloides provided by SNL. PNNL experts in
global proteomics conducted these experiments and supported
subsequent analysis. 

Materials and Methods 

Feedstock Preparation 

The National Renewable Energy Laboratory provided the corn
stover for these experiments. The different corn stover samples
showed a broad range of characteristics in ash, metal, organic
acids, and carbohydrate content (manuscript in review). Initially,
the ash and moisture contents were identified as critical material 
attributes impacting surface energy, wettability, and cohesion of 
corn stover and the corn stover samples were categorized as high
ash–low moisture, high ash–high moisture, low ash–low moisture,
and low ash–high moisture sample sets (Leal et al., 2020 ). However,
the moisture and ash content of the raw materials underwent 
changes during subsequent handling, storage, and pretreatment.
As such, the heterogeneity of the different lignocellulosic sugar 
streams generated was then based on the composition of the hy- 
drolysate sugar stream generated from NREL’s DMR-EH process.
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able 1 shows the heterogeneity of the feedstock types based on
he metal composition established in this study, and these served
s the bases for testing feedstock heterogeneity and how it influ-
nces low temperature conversion for R. toruloides. 
The feedstock was divided into three categories: whole stover

Feedstocks 1, 2, 3, and 4), manually separated anatomical frac-
ions (cob, husk, and stalk), and corn stover subjected to three
ifferent self-heating conditions (mild, moderate, and severe). All
amples were pretreated and hydrolyzed using NREL’s DMR-EH
pproach. Severe self-heated corn stover was also subjected to a
wo-stage (labeled as Severe two-stage self-heated in Table 1 ) pro-
ess where sodium carbonate was used before sodium hydroxide
o deacetylate the stover prior to enzyme hydrolysis, so as to in-
rease fermentable sugar yield. The hydrolyzed biomass was then
sed for fermentation using R. toruloides as a biocatalyst for bis-
bolene production. 
NREL researchers subjected the corn stover to DMR-EH. The

rst step was a dilute alkali extraction of the biomass, which de-
ouples the acetyl groups from the hemicellulose and partially
emoves the lignin component. The biomass then passed through
 disk refiner and Szego mill to reduce the particle size and in-
rease the surface area. Hydrolytic enzymes HTEC-3 and CTEC-3
iberated the hemicellulose and cellulose, respectively, from the
olids before use (Chen et al., 2016 ). Researchers at LBNL then as-
essed the potential of these feedstock categories for conversion
o bisabolene via R. toruloides . 

ermentation 

andia National Laboratory provided a modified strain of R. toru-
oides for the production of bisabolene. The construction of this
train is described by Kirby et al. (2021 ). Inoculum : Seed culture of
. toruloides was prepared by adding 1 ml of R. toruloides GB 2.0
lycerol stock in 100 ml of steam-sterilized Sigma YPD media in a
00-ml glass baffled flask. Cultures grew at 30 °C with shaking at
00 rpm to maintain optimal growth conditions for yeast. 
The fermentations were conducted using Ambr® 250 high-

hroughput instrumentation and vessels (Sartorius Stedim 

iotech) and software (Ambr® 250 runtime_R15.4.0). Each ves-
el contained 120 ml of its respective DMR-EH supplemented
ith 5-g/L ammonium sulfate, 10.34-g/L potassium phosphate
onobasic, and 4.18-g/L potassium phosphate dibasic. All media
nderwent mixing and filter sterilization by a 0.2-μm bottle top
lter in a biosafety cabinet. Thirty milliliters of dodecane or oleyl
lcohol was also added to each vessel to trap the bisabolene from
he aqueous phase, as high concentrations of bisabolene can
e toxic to R. toruloides . The inoculum was added at 5% vessel
orking volume for 4 optical density (OD) of seed, giving an initial
ain fermentation OD of 0.2. 
The initial mixing was 500 rpm and ramped up to the upper

ontrol limit of 2,000 rpm, to control the dissolved oxygen at
 setpoint of 30%. Gassing was kept constant in all vessels at
.5 vvm (75 slpm). The pH was initially set to pH 6 by adjusting
he media with sodium hydroxide before starting the experiment.
he control setpoints for pH and temperature were 5 and 30 °C,
espectively, which is optimal for yeast growth. The fermentations
asted for a period of 144 or 240 hr. By considering these fermen-
ation durations, researchers were able to gain a comprehensive
nderstanding of how fermentation time influences the growth,
ugar consumption, and end product to identify the optimal con-
itions for achieving desired outcomes. The programmed robotic
iquid handler was carried out by the sampling at intervals of
4 hr. The first sample was taken shortly after inoculation, and
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one was taken each day after until the end of fermentation.
The autosampler dispensed 2 ml of well-mixed broth from each
vessel into a centrifuge tube chilled to 4 °C. The samples were
mixed well enough that the 2 ml in the tube had representative
fractions of organic overlay and aqueous phase. Additional 5-ml
samples were taken in the log phase at 36- and 60-hr or 24-
and 48-hr time points for investigating the dynamics in protein
expression across various samples. The reason for selecting dif-
ferent sampling points was to capture the full scope of the protein
expression, that is, the long-term trends and early expression
dynamics. 

Elemental Composition Analysis Using ICP-OES 

To prepare corn stover hydrolysate samples for elemental compo-
sition analysis, each sample was digested in 2% nitric acid and a
total volume of 10 ml. The samples were placed in the incubator
for 24 hr. Samples were weighed prior to incubation and after in-
cubation and 2% nitric acid was added to each sample to make
up for the loss due to evaporation and centrifuged to remove the
solids formed during digestion. Digested samples were then an-
alyzed using a Varian 720-ES inductively coupled plasma optical
emission spectroscopy (ICP-OES) system. 

Bioreactor Sampling 

High-performance liquid chromatography (HPLC) and gas chro-
matography mass spectroscopy (GC-MS) served as the basis for
compositional analysis. These tests included sugar content anal-
ysis by HPLC, bisabolene quantification by GC-MS, optical density
testing on a ultraviolet–visible spectroscopy (UV-VIS) spectropho-
tometer, and proteomics testing performed by PNNL. The sam-
ples taken were spun in a centrifuge to separate out the aque-
ous and overlay fractions. The oleyl alcohol or dodecane layer
was removed from the top with a pipette and stored for GC anal-
ysis. The aqueous fraction was filtered in a 0.2-μm centrifugal
filter for HPLC analysis. The pellet was then resuspended in wa-
ter, and brought to the level of the original sample. This portion
was then used for OD, with distilled water used as a reference
blank. Spectrophotometry (Genesys 10S UV-VIS, Thermo Fisher
Scientific) was used to quantify the optical density of each sam-
ple at 600-nm wavelength. Samples for OD measurements were
diluted in water to meet the linear range requirements. The lin-
ear range for this equipment was between 0.1 and 0.4 OD units.
All other samples were stored in −20 °C freezers until they were
tested. 

Quantification of Sugar monomer 
DMR-EH-Treated Corn Stover 
Sugars were quantified as previously described (Sundstrom et al.,
2018 ). The concentration of sugars of the fermentation samples
was quantified using an HPLC system (Ultimate 3000, Thermo
Fisher Scientific) equipped with a refractive index detector and
an Aminex HPX-87H column (Bio-Rad, 300 × 7.8 mm). Four mil-
limolar of H2 SO4 was used as the mobile phase at a flow rate of
0.6 ml/min. The column oven temperature was set at 65 °C. Stan-
dards were prepared to encompass the same range of concentra-
tions as the samples. Prior to analysis, samples were filtered using
0.2- μm centrifuge filters. 

Bisabolene Quantification 

To measure the amount of bisabolene produced in the cultiva-
tions, the oleyl alcohol overlay was collected and diluted in ethyl
acetate spiked with 500 mg/L of caryophyllene as an internal stan- 
dard (Peralta-Yahya et al., 2011 ). The samples were then analyzed 
by GC-MS using an Agilent Technologies 6890N system, equipped 
with a 5973 mass selective detector and a DB-5ms column (30 m
× 250 μm × 0.25 μm, Agilent Technologies, USA). Splitless injec- 
tions (1 μl vol.) were used on a GC oven program consisting of
100 °C for 0.75 min, followed by a ramp of 20 °C per min until
300 °C, and held 1 min at 300 °C. Injector and MS quadrupole de-
tector temperatures were 250 and 150 °C, respectively. Concentra- 
tions were calculated by integration of the peak area values ob- 
tained in the selective ion monitoring mode and compared to the 
areas obtained from a calibration curve made with pure bisabo- 
lene. The bisabolene concentrations measured in the oleyl alcohol 
layer were adjusted to represent the concentrations in the aque- 
ous volume. 

Proteomic Evaluation 

Samples were processed immediately after they were taken from 

the vessels. Five milliliters was removed for each sample and 
placed in a falcon tube. The tubes were centrifuged to separate 
out the pellet. All aqueous and organic layers were decanted from 

the top, and then the pellet was resuspended in 2-ml ice-cold 
phosphate buffered saline. These samples were then placed in liq- 
uid nitrogen for 1 min. All samples were then stored in a −80 °C
freezer until shipped to PNNL for testing. 

Cell pellets were processed using a metabolite, protein, lipid 
extraction (MPLEx) method (PMID: 27822525, PMID: 29876813).
Briefly, in solvent-resistant tubes (Sorenson), the cell pellets were 
resuspended in water and a solvent mixture of four volumes of 
cold 2:1 chloroform:methanol mix was added. Samples were vig- 
orously vortexed for 30 s, placed on ice for 5 min, vortexed again
for 30 s, and centrifuged at 15 , 000 × g for 5 min at 4 °C. After cen-
trifugation, the denatured protein interphase was washed in 1 ml 
of cold 100% methanol, vortexed, and centrifuged at 15 , 000 × g for
5 min at 4 °C to pellet the protein. The methanol was removed,
and samples were dried in a fume hood. 

The protein pellet was resuspended in 100 mM ammonium bi- 
carbonate (NH4 HCO3 ) containing 8 M urea, and protein concentra- 
tion was measured by a bicinchoninic acid (BCA) assay (Thermo 
Fisher Scientific). Disulfide bonds were reduced by adding dithio- 
threitol to a final concentration of 5 mM and incubating at 
60 °C for 30 min with constant shaking at 850 rpm. Samples were
alkylated with a final concentration of 40 mM iodoacetamide for 
1 hr at 37 °C at 850 rpm. The reaction was then diluted 10-fold with
100 mM NH4 HCO3 followed by the addition of calcium chloride 
to 1 mM final concentration. Sequencing-grade trypsin (Promega) 
was added to all protein samples at a 1:50 ( w/w ) trypsin-to-
protein ratio and incubated for 3 hr at 37 °C. Digested samples
were desalted with 1 ml of Discovery C18 SPE columns (Supelco,
Bellefonte, PA), using the following protocol: 3 ml of methanol was 
added for conditioning the column followed by 2 ml of 0.1% triflu-
oroacetic acid (TFA) in water. The samples were then loaded onto 
each column followed by 4 ml of 95:5 water:acetonitrile, 0.1% TFA.
Samples were eluted with 1 ml of 80:20 acetonitrile:water, 0.1% 

TFA. The samples were concentrated down to ∼50 μl using a Speed
Vac and a final BCA assay was performed to determine the peptide
concentration. 

Liquid chromatography with tandem mass spectrometry (LC- 
MS/MS) was carried out using a Dionex Ultimate 3000 liquid chro- 
matography system (Thermo Fisher Scientific) coupled to Q Exac- 
tive HF-X (Thermo Fisher Scientific). Mobile phase A (MPA) is 0.1% 

formic acid in water while mobile phase B (MPB) is 0.1% formic
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Fig. 2. Fermentation of hydrolysates with different initial sugar concentrations by R. toruloides : (A) glucose consumption, (B) xylose consumption, and 
(C) bisabolene production. Rapid sugar utilization significantly influenced initial rate of production in Feedstock 3 but did not result in higher 
bisabolene titers, which could indicate a more complex relationship between sugar metabolism and the production of bisabolene. Error bars indicate 
the standard deviation for each set of triplicate samples of the 250-ml stirred tank fermentations. (Sugars fell to near zero within 2 days.) 
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cid in acetonitrile. Five hundred-nanogram peptides were first
oaded onto a trap column (i.e., 4 cm × 100 μm i.d. column in-
ouse packed with 5- μm Jupiter C18 particles) using 7- μl/min MPA
or 4 min and then separated by a reversed-phase capillary col-
mn, (i.e., 30 cm long and 75 μm i.d. in-house packed with 1.7-
m Waters BEH C18 particles). The elution was carried out at 200
l/min with the following gradient: 0 min 1% MPB; 2.6 min 1%
PB; 12.6 min 8% MPB; 107.6 min 25% MPB; 117.6 min 35% MPB;
22.6 min 75% MPB; 125.6 min 95% MPB; 131.6 min 95% MPB;
32.6 min 50% MPB; 134.6 min 95% MPB; 140.6 min 95% MPB;
42.6 min 1% MPB; and 190 min 1% MPB. MS analysis was car-
ied out in data-dependent mode for a duration of 120 min. MS
ettings were as follows: full MS (AGC, 3 × 106 ; resolution, 60 , 000;
/z range, 300–1,800; maximum ion time, 20 ms); MS/MS (AGC,
 × 105 ; resolution, 45 , 000; m/z range, 200–2,000; maximum ion
ime, 100 ms; minimum signal threshold, 5 × 104 ; minimum AGC
arget, 5 × 103 ; isolation width, 0.7 m/z; TopN, 12; dynamic exclu-
ion time setting, 45 s; collision energy, NCE 30). 
LC-MS/MS data were searched against proteomic database of

hodosporidium toruloides IFO 0880 v4.0 along with heterologous
enes using MSGF + (PMID: 25358478) and MASIC software (PMID:
8440872). The results were filtered by 1% false discovery rate and
-ppm mass error. The resulting peptide results were then log2
ransformed and subjected to an initial peptide filter to remove
eptides that do not have enough data for either a quantitative
est (two samples with data in at least two conditions) or a quali-
ative test (three samples with data within at least one condition).
his reduced the initial set of 62 , 685 identified peptides to 40,970.
utlier sample analysis was then performed with a statistically
obust Mahalanobis distance (PMID: 21852304). Visual confirma-
ion of the results is observed via Pearson correlation, boxplots,
nd principal component analysis (PCA). The log2 transformed
ata were normalized to median sample abundance. The peptides
apped to 4,218 proteins. Protein quantification was performed
ith standard reference-based quantification (PMID: 23019139).
tatistical analysis was performed on both the peptide and
rotein-level data using a standard two-sample t -test to com-
are either between anatomical fractions or time points from a
uantitative perspective and a g-test to compare the strains from
 qualitative perspective. Output is visualized via Volcano plots.
nsupervised clustering by strain at the protein level is observed

ia PCA. e  
esults and Discussion 

omparative Analysis of DMR-EH-Pretreated 

orn Stover From Varied Batches: Impact on 

isabolene Production 

enerally speaking, one of the primary measures of lignocellu-
osic hydrolysate efficacy is the ability of the microbial strains
f interest to utilize the carbon sources that are present (usu-
lly sugars). In the corn stover hydrolysates used in this study,
he main sugars of interest were glucose and xylose. As is typi-
ally the case for lignocellulosic feedstocks (Mosier et al., 2005 ;
aha, 2003 ), other sugars were present but in much smaller quan-
ities, thus likely not meaningful values to track for the purposes
f this study. While R. toruloides is capable of co-consuming mul-
iple sugars, it is evident that glucose is consumed before xylose
Fig. 2 A and B) suggesting carbon catabolite repression, a common
egulatory mechanism observed in many yeast species including
arrowia lipolytica (Niehus et al., 2018 ). 
DMR-EH-pretreated whole corn stover Feedstocks 1, 2, 3,

nd 4 had an initial glucose concentration of 101.4 ± 2.3 g/L,
01.3 ± 5.0 g/L, 75.4 ± 2.34 g/L, and 58.9 ± 5.9 g/L, respectively
Fig. 2 A). Differences in the performance of feedstock contributed
o the differences observed in conversion performance by R. toru-
oides . Glucose and xylose were rapidly consumed in Feedstocks
 and 3 compared to Feedstocks 2 and 4, suggesting that certain
ritical material attributes other than the initial sugar concen-
rations, not identified in this study, must be responsible for ob-
erved differences. The resulting bisabolene titers across the four
eedstock studied were not significantly different (2.14 ± 0.6 g/L,
.77 ± 0.19 g/L, 2.44 ± 0.3 g/L, and 2.37 ± 0.06 g/L for Feedstocks
, 2, 3, and 4, respectively). The rate of bisabolene production
arly on in the fermentation ( ∼48- to 50-hr time point in plot
C) is higher for Feedstock 3 compared to Feedstock 1, 2, or 4
Fig. 2 C), likely as a result of higher metabolic activity. Variations
n the concentration and availability of key nutrients can signifi-
antly affect microbial growth and productivity as observed with
he differences in sugar consumption and bisabolene production
cross the hydrolysates. Understanding the specific reasons for
he difference in productivity requires a careful and detailed eval-
ation of the critical material attributes of different corn stover
atches before and after pretreatment. Having this detailed infor-
ation can further lead to the screening of the dose-dependent
ffects, possible interactions among various material and process
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Fig. 3. (A) Principal component analysis of all proteins with complete data (3 , 688 proteins) showed separation by sampling time along PC1. Both the 36- 
and 60-h time points for Feedstock 4 separate from other feedstocks along PC2. These data show clear variation in protein expression levels between R. 
toruloides grown with different hydrolysates. (B) Representative volcano plot showing fold changes in protein expression between samples from 

different hydrolysates, where the vertical dotted lines correspond to −1 and 1 log2(fold change) and the horizontal dotted line is the cutoff between p 
values of < .05. (C) Downregulation of iron transport proteins in Feedstock 4 when compared to Feedstock 3 at 36-hr time point and (D) downregulation 
of iron transport proteins in Feedstock 4 when compared to Feedstock 3 at 60-hr time point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

attributes, and how these attributes affect the bioconversion pro-
cess. The critical material attributes of feedstocks can occur as
a result of differences in harvesting techniques, environmental
factors, genetic variations, growing conditions, among other fac-
tors, all of which may have the ability to reduce the utility of a
given feedstock or the resulting hydrolysate. Therefore, it is imper-
ative to carefully evaluate the most suitable or reliable pretreat-
ment approach for any given technology. Key variables observed
in the composition of these feedstocks were the initial sugar con-
centrations and differences in the distribution of sulfur, sodium,
calcium, magnesium, and silicon, shown in Table 1 . While previ-
ous studies, as well as this research, support the components de-
scribed in Table 1 as being influential on hydrolysate performance
(Humbird et al., 2010 ; Palmqvist and Hahn-Hägerdal, 2000 ), it is
quite possible that this influence is confounded by interaction ef-
fects among these components as well as the presence or absence
of other components. Also notable was the formation of solids in
the hydrolysate upon the introduction of potassium phosphate
dibasic, which was used as the buffer in the fermentation step.
Solid formation occurred in all hydrolysates except for the whole
stover hydrolysate, Feedstock 4, suggesting a difference in compo-
sition. These solids formed fluffy, light-colored, suspended solids
that eventually settled out. Before fermentation, the hydrolysate
was sterilized by filtration, thus removing the suspended solids.
Accordingly, filtration may have resulted in loss of nutrients or
removal of growth inhibitors (or both). In any case, hydrolysate
filtration at commercial scales is very likely cost-prohibitive, so a
better understanding of such DMR-EH-derived precipitates may
be an important consideration. 
The proteomic dataset obtained from the four feedstock sam- 
ples evaluated had 62 , 991 peptides from 4 , 863 proteins. Peptides
without adequate data for a quantitative test or qualitative test 
were filtered out, giving 55 , 539 peptides and 4 , 790 protein families.
The peptide data did not indicate outlier behavior based on either 
a robust Mahalanobis distance squared value associated with the 
peptide abundance vector, the standard Pearson correlation heat 
map, and standard boxplot. Significant protein expression differ- 
ences were seen between all the hydrolysates compared, regard- 
less of time point suggesting influence of different hydrolysate 
components on the growth of R. toruloides . Samples for proteomics 
were taken at 36 and 60 hr for each condition to allow for mean-
ingful proteome comparisons (Fig. 3 ). 

Comparison of proteins expressed between feedstocks showed 
that Feedstocks 3 and 4 had greater protein variations. Proteins 
involved in metal transport were found to be significantly en- 
riched, pointing to potential differences in the concentration 
of these metals between hydrolysate conditions, as observed in 
Table 1 . When we examined proteins with significantly different 
expression between feedstocks, we found that proteins annotated 
as iron transporters were more highly expressed in the Feedstock 
3 condition than in Feedstock 4 at both the 36- and 60-hr time
points (Fig. 3 C and D). This correlates with the iron concentration
obtained from ICP-OES analysis where the iron concentration 
was about four times higher for Feedstock 3 than for Feedstock 
4 (1.98 mM and 0.31 mM in Feedstock 3 and Feedstock 4, respec-
tively). A similar effect was observed when Feedstocks 1 and 
2 were compared to Feedstock 4, which further suggests that 
iron plays an important role in the metabolic process. High iron 
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oncentration in Feedstocks 1, 2, and 3 compared to Feedstock 4
orrelates with protective metal ion antiporter upregulation ob-
erved in this study. Copper and zinc transporters were also differ-
ntially expressed between Feedstock 4 and Feedstock 3, pointing
o influence of metals in conversion of lignocellulosic biomass
y R. toruloides . The proteomic data obtained from this study di-
ectly point to the importance of metal transporter proteins in the
onversion of corn stover biomass to bisabolene. Therefore, under-
tanding the complex interactions between metal concentrations
nd fermentation performance requires a multifaceted approach
hat might help elucidate the underlying mechanisms and pro-
ide clearer insights into the influence of metals in the conver-
ions of lignocellulosic biomass. Measurement of key enzymes in-
olved in dependent processes to see whether their activity aligns
ith protein expression data would also provide valuable insights.
Previous research has shown that DMR-EH pretreatment ap-

roach consistently yields a readily fermentable carbon source
Chen et al., 2016 ). In terms of sugar consumption by R. toru-
oides , the interbatch differences observed with sugar consump-
ion and productivity may translate into significant impacts on
ydrolysate performance at the commercial scale. This echoes a
eeper understanding of the hydrolysate and feedstock hetero-
eneity, and strategies to remove or dampen the negative effects
f heterogeneity. For example, DMR-EH pretreatment effectively
emoves lignin from lignocellulosic biomass, resulting in biomass
ith lower lignin content. Lignin has been shown in previous stud-

es to interfere with enzymatic hydrolysis and fermentation pro-
esses (Li et al., 2009 ; Yang and Wyman, 2008 ). The reduced recal-
itrance and inhibitor levels promote better microbial growth and
ermentation performance. Nonetheless, observed differences in
ugar consumption and productivity in the batches within this
tudy suggest the presence of other critical material attributes
hat influences the metabolic processes. 

arying Conversion Performance of DMR-EH 

ydrolysates Correlated With Compositional 
ifferences Found in Corn Stover Anatomical 
ractions 
t is hypothesized that the individual anatomical fractions of
orn stover vary in both composition and recalcitrance, offering
iorefineries different options for processing either fractionated
r whole biomass. Understanding the techno-economic impacts
f variability helps end users evaluate trade-offs in conversion
ield and economics for biorefinery feedstock decisions. This re-
uires data on the composition and conversion performance of
hole biomass and its anatomic fractions. The degree of con-
ersion from four distinct DMR-EH hydrolysates (derived from
usk, cob, stalk, and whole stover) to bisabolene via R. toruloides
erved as a test of this hypothesis. Glucose consumption, xy-
ose consumption, growth rates, and bisabolene productivity and
iter provide the basis of comparing performance among the corn
tover fractions . Secondarily, a proteomics-based approach served
s a means of understanding the underlying differences observed
cross the different fractions. Generally, R. toruloides was reason-
bly efficient in utilizing all studied fractions for the production of
isabolene. However, the oleaginous yeast did exhibit better per-
ormance with stalk than cob or husk, in terms of sugar consump-
ion, growth, and bisabolene titers. With the stalk fraction of this
tudy, the sugars were completely consumed after 48 hr, and for
he whole stover, glucose was completely consumed after 72 hr
hile xylose was completely depleted after 96 hr (Fig. 4 A and B). 
The glucose in the cob was completely depleted by 144 hr but
ot xylose. About 71% of xylose in the cob was consumed by R.
oruloides meanwhile only 81.9% glucose and 58.4% xylose were
onsumed in the husk hydrolysate. Both glucose and xylose were
ompletely consumed in the whole corn stover and stalk fraction.
n contrast, cob and husk performed poorly in comparison. The
ighest bisabolene titer was observed with stalk (8.89 ± 0.47 g/L)
ollowed by whole stover (5.68 ± 0.51 g/L). Husk and cob produced
.80 ± 0.09 and 3.61 ± 0.59 g/L, respectively. A consistently high
erformance was observed in the stalk fraction with respect to the
rowth of R. toruloides , sugar consumption, and bisabolene pro-
uction (Fig. 4 ). Bisabolene titer for the whole stover feedstock
as greater than the four feedstocks tested in previous section.
t was also greater than the self-heated whole stover feedstocks
ested in the next section of this report. Given that all other pro-
essing conditions were the same, the observed increase with the
hole stover feedstock (in this section) compared to the other
hole stover feedstocks in other sections can be attributed to
pecific differences inherent to the whole stover itself. These dif-
erences include nutrient content, chemical composition, struc-
ural differences, and intrinsic variability in the whole stover’s
atural composition. These differences are also reflected in
able 1 . Consequently, the results observed underscore the impor-
ance of addressing critical material attributes to mitigate feed-
tock variability and ensure the efficiency of integrated biorefinery
perations. 
To understand the variability in the anatomic fractions at a
olecular level, proteomic evaluation was carried out on the sam-
les obtained from 24- and 48-hr fermentation intervals to cap-
ure the early protein expression dynamics. The distribution of
dentified proteins across the anatomical fractions corresponds
o the differences observed during fermentation. Additionally, the
rouping of the triplicate samples demonstrated the reliability of
he generated data. PCA of all proteins showed significant separa-
ion by sampling time along principal component 1 (PC1). Samples
ollected at 48 hr showed clear separation across anatomic frac-
ions along principal component 2 (PC2) (Fig. 5 ). Protein evaluation
f R. toruloides grown on different anatomic fractions showed sig-
ificant differences in protein expression as seen in the PCA plot
n Fig. 5 . Whole stover and stalk samples collected at the 48-hr
nterval showed weak correlation on negative PC2 while husk and
ob were correlated on positive PC2. Additionally, Fig. 6 shows sig-
ificantly expressed R. toruloides proteins from different anatomic
ractions. 
Generally, comparing the protein expression between the

natomical fractions showed that proteins relating to lipid
ransport, and metabolism, energy production and conversion ex-
ibited significant differential were significantly expressed (Fig. 6 ).
roteins responsible for inorganic ion transport and metabolism
nd energy production and conversion were specifically down-
egulated in the following hydrolysates when compared to each
ther: whole stover/cob, whole stover/husk, stalk/husk, and
talk/cob (Fig. 6 ). Notable is the fact that contained in these
roteins are iron–sulfur (Fe–S) clusters, which are essential co-
actors found in a wide variety of proteins and play critical roles
n numerous biological processes, including electron transport,
nzyme catalysis, and regulation of gene expression. Interestingly,
ssociating the downregulation of inorganic ion transport and
etabolism, and energy production and conversion data showed

hat iron played a vital role in the conversion of lignocellulosic
eedstock to bisabolene. However, it is unclear whether the down-
egulation of proteins responsible for inorganic ion transport
nd metabolism and energy production and conversion was as
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Fig. 4. Fermentation of different corn stover anatomical fraction hydrolysates by R. toruloides . (A) Glucose consumption (stalk > whole 
stover > cob > husk); (B) xylose consumption (stalk > whole stover > cob > husk); (C) growth; and (D) bisabolene production (stalk > whole 
stover > cob > husk). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a result of iron limitation or possible toxicity. This is subject to
further investigation. 

In this study, proteins related to lipid metabolism and trans-
port were observed to be differentially expressed. For example,
acyl-CoA synthetase which activates fatty acids by converting
them into acyl-CoA for their subsequent metabolism and incor-
poration into lipids. Another proteins related to lipid metabolism
and transport is the hydroxyacyl-CoA dehydrogenase and enoyl-
CoA hydratase which facilitates the efficient breakdown of fatty
acids into acetyl-CoA through the β-oxidation pathway which is
then utilized in the mevalonate pathway to produce bisabolene.
These proteins were seen to be significantly upregulated in stalk
compared to cob, husk, or whole stover. This means that, for the
purposes of this study, R. toruloides performed best on corn stalk
hydrolysates, compared to other corn stover anatomical fractions.
Different levels or interactions of various material attributes of
the anatomic fractions certainly contributed to the differences
observed in the conversion performance observed. Notable are
the levels of magnesium in stalk, which was about two times
higher than in cob or husk and phosphorus, which had a 2.2
times higher concentration in stalk than in cob or husk (Table 1 ).
Adequate phosphorus is essential for normal growth and cell
metabolism. Phosphorus limitation can lead to reduced growth
rates and metabolic activity as observed in conversion perfor-
mance of cob and husk. However, R. toruloides has developed (Wu
et al., 2010 ) mechanisms to adapt to low phosphorus-limited con-
ditions, such as altering its metabolic pathways to optimize phos-
phorus usage. For example, under phosphorus-limited conditions,
R. toruloides may exhibit stress responses such as changes in en- 
zyme activity and gene expression. The yeast may upregulate 
genes associated with phosphorus uptake and storage, allowing it 
to better survive and grow in nutrient-poor environments (Wang 
et al., 2022 ). Additionally, the availability of phosphorus can im- 
pact the production of other metabolites, including organic acids 
and secondary metabolites. Therefore, understanding how phos- 
phorus affects these processes especially in a complex media such 
as corn stover hydrolysate stream can be crucial for optimizing 
fermentation processes. 

Previous studies of R. toruloides often explore its use with whole 
biomass or generic lignocellulosic materials. For example, general 
studies have focused on its lipid production capabilities using 
whole corn stover hydrolysates or other biomass sources (Dai 
et al., 2019 ; Huang et al., 2022 ). This yeast has been studied for
its lipid transport and metabolism proteins due to its potential 
in biotechnological applications, particularly in the production 
of biofuels and bioproducts. Evaluating the differences in the 
conversion of the different anatomical fractions stresses the 
need for advanced modeling of fermentation data combined 
with omics technologies to provide a comprehensive approach 
to understanding and optimizing conversion of waste streams.
Fermentation processes involve numerous variables and com- 
plex interactions between microorganisms, nutrient, and process 
parameters and as such advanced modeling would help to better 
understand these interactions in detail. Given the high amount of 
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Fig. 5. Analysis of differential protein expression in R. toruloides as a function of growth on deacetylation, mechanical refining, and enzymatic 
hydrolysis hydrolysates of four different anatomical fractions of corn stover. A principal component analysis of proteomic data (principal component 
analysis plot) of biological replicates, showing their distribution as a function of hydrolysate (stalk, husk, cob, and whole stover) at 24 and 48 hr. There 
are distinct differences among the groups, as well as clear separation by time on the first principal component. 
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nidentified proteins that were either significantly upregulated
r downregulated, integrating these data with modeling would
elp in deciphering the role of unidentified proteins and their
mpact on the conversion process. Other researchers have used
dvanced techniques such as fluorescence lifetime imaging,
nalytical pyrolysis coupled with GC-MS, and machine learning
o analyze corn stover biomass properties. Such studies have
ielded insights into biomass heterogeneity, including effects
f storage on the biological degradation of the cell wall (Lacey
t al., 2016 ; Leal et al., 2022 ; Li et al., 2018 ). Certain fractions of
orn stover can produce compounds during the processing (e.g.,
urfural, hydroxymethylfurfural (HMF)), which negatively affect 
icrobial fermentation. By selectively processing parts with

ower inhibitor generation potential, biorefinery operators may
e able to increase the overall process efficiency (Humbird et al.,
011 ). However, modeling of fermentation data combined with
ifferent omics layers such as transcriptomics, proteomics, and
etabolomics can provide a holistic view of the fermentation pro-
ess and thus provide a powerful approach for generating large
atasets that would allow for a more informed decision-making
egarding process adjustments, troubleshooting, and scale-up,
xploring different scenarios such as biomass blending, help with
esigning more robust and efficient conversion processes as well
s uncovering the roles of unidentified proteins, and overall, drive
nnovation in biotechnology applications. 

ssessing the Variability in R. toruloides 
onversion as a Function of Corn Stover Bale 

elf-heating During Storage 

revious studies on biological self-heating of anatomical corn
tover fractions revealed significant variations in the surface
ttributes due to self-heating and degradation during storage.
esearchers observed that degradation leads to structural and
olecular changes and reported that biologically induced degra-
ation affects surface properties such as texture, surface area,
nd porosity of biomass (Leal et al., 2022 ). Furthermore, self-
eating results in changes to cell structures that lead to increase
n properties such as brittleness (Chu et al., 2016 ). Researchers
lso showed that self-heating and microbial degradation can im-
act corn stover’s physical and chemical properties, creating vari-
bility that could impact downstream processes such as fermen-
ation (Bose et al., 2020 ; Leal et al., 2022 ; Li et al., 2020 ). Darku et al.
howed that self-degraded biomass stored for a period of 220 days
ccelerated pretreatment for bioconversion (Darku et al., 2010 ).
hese findings suggest that the inherent heterogeneity of lignocel-
ulosic feedstocks and differences across distinct plant fractions
ould complicate standard bioprocessing approaches. 
This part of the study focused on conversion performance of R.

oruloides using DMR-EH hydrolysate from biological heating and
egradation during bale storage of corn stover. The degree of self-
eating was evaluated based on visual identification and was cat-
gorized as mild, moderate, or severe self-heated biomass as Bose
t al. (2020 ) described. It is notable that the sugar concentration
n mild self-heated hydrolysate was significantly higher (136.6 g/L
f glucose and 74.5 g/L of xylose) than in moderate (79.1 g/L of
lucose and 34.37 g/L of xylose) or severe self-heated (96.5 g/L of
lucose and 34.5 g/L of xylose) hydrolysates (Fig. 7 A and B). Com-
aring the sugar consumption by R. toruloides on the different hy-
rolysate showed variability in sugar consumption profile across
he different degrees of self-heated samples. For example, glucose
nd xylose in severe self-heated hydrolysate were completely
onsumed by 48 and 72 hr, respectively (Fig. 7 A and B). Glucose
n moderate self-heated hydrolysate was completely depleted by
44 hr but xylose was not completely consumed. For mild self-
eated hydrolysate, neither glucose nor xylose was completely
onsumed after 144-hr fermentation time (Fig. 7 ). Rhodotorula
oruloides grew better on severe self-heated hydrolysate than on
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Fig. 6. A plot of logarithmic fold change versus significance (i.e., volcano plot) is a pairwise comparison of protein expression of R. toruloides after 48 hr 
of growth on hydrolysates from the four different anatomical fractions. The horizontal line corresponds to a significance value of p < .05. The dotted 
vertical lines bound the minimal fold change for the most differentially expressed genes. To right and left: functional categories for differentially 
expressed proteins (significantly upregulated and downregulated protein). Distribution of significantly upregulated and downregulated differentially 
expressed proteins, with an emphasis on proteins related to energy production and conversion, inorganic ion transport metabolism, and lipid 
transport metabolism, for their possible influence on bisabolene production. 



12 | Journal of Industrial Microbiology and Biotechnology, 2024, Vol. 51

Fig. 7. Sugar consumption, growth, and bisabolene production by R. toruloides in corn stover hydrolysates under varying levels of self-heating. (A) 
Glucose consumption. (B) Xylose consumption. (C) Growth of R. toruloides on different levels of self-heated feedstock. Sugar consumption was more 
rapid in severe self-heated hydrolysate compared to either mild or moderate self-heated hydrolysate. Severe > moderate > mild. (D) Bisabolene 
production by R. toruloides on hydrolysates with varying degrees of self-heating. Severe > moderate > mild. 
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n  
ild or moderate self-heated hydrolysates (Fig. 7 C). Similarly,
he bisabolene titers with severe self-heated hydrolysate were
ignificantly higher ( p < .05) than mild or moderate self-heated
ydrolysate (2.69 ± 0.12 g/L, 1.38 ± 0.24 g/L, and 1.38 ± 0.08 g/L
or severe, mild, and moderate self-heated hydrolysate, respec-
ively). Moderate and severe self-heated had similar sugar profiles
ompared to mild self-heated. However, the bisabolene trend in
oderate self-heated was similar to mild self-heated. 
While severe and moderate self-heating conditions can lead to

ower sugar yields due to degradation and formation of inhibitors
nd volatilization, under these same conditions, the self-heating
rocess may have significantly disrupted the bulk structure of
lant tissue due to microbial enzyme secretion, thereby improv-
ng enzyme accessibility and resulting in overall enhanced conver-
ion performance. The severe self-heating of corn stover biomass
hus points to potentially important considerations in trading the
otal potential sugar yield of biomass with the ease of accessibil-
ty of those sugars, per the strengths and weaknesses of a given
ydrolysis method and the level sensitivity of a given biocatalyst
o the inhibitory compounds, which may arise as a function of
torage-derived self-heating. Also, the somewhat surprising out-
ome of improved hydrolysate performance from severely self-
eated corn stover brings into consideration other logistics ad-
antages that longer-term storage or on-field storage may offer. 
Though the sugar concentration in severe self-heated corn

tover subjected to a two-stage (severe two-stage self-heated) pro-
ess (where sodium carbonate was used before DMR-EH) was
bout 10% higher than severe self-heated corn stover pretreated
ith only DMR-EH (severe one-stage self-heated), no significant
ifference in bisabolene titers was observed. However, the sugar
onsumption was largely different between both conditions, as
hown in Fig. 8 . We observed higher consumption rate with severe
ne-stage self-heated compared to severe two-stage self-heated
s well as slightly higher bisabolene production rate. Higher pro-
uction rate and substrate consumption can improve the eco-
omics of the bioprocess by reducing the cost per unit per run and
hus increasing the overall production capacity. The similarities in
he fermentation performance between the severe one-stage self-
eated and severe two-stage self-heated corn stover-pretreated
amples (Fig. 8 ) can be attributed to similar levels of deacetylation.
urthermore, the efficiency of enzymatic hydrolysis might be sim-
lar for both methods. Additionally, R. toruloides may have a broad
olerance range to variations in hydrolysate composition resulting
rom the difference in pretreatment methods. The lack of signif-
cant difference in fermentation performance can be attributed
o the similar effectiveness of both pretreatment methods in pro-
ucing fermentable sugars and the tolerance of the fermentation
rganism to variations in substrate composition. A two-stage pre-
reatment process might be detrimental to improving sugar yield;
owever, in the case of severe self-heated corn stover, a two-stage
retreatment might not be necessary because self-heating of such
egree results in the accessible and porous material for enzymatic
ctivity. 

onclusions 

orn stover is a leading candidate and an important model for lig-
ocellulosic biomass-to-ethanol processing and SAF conversion.
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Fig. 8. Comparison of sugar consumption in severe self-heated corn stover that was subjected to a one-stage pretreatment prior to enzymatic 
hydrolysis and a two-stage pretreatment using sodium carbonate before deacetylation with sodium hydroxide. (A) Glucose consumption by R. 
toruloides. (B) Xylose consumption. (C) Growth of R. toruloides on corn stover anatomical fractions. Sugar consumption was faster in severe one-stage 
self-heated hydrolysate than in severe two-stage self-heated hydrolysate. Severe one-stage self-heated > severe two-stage self-heated. (D) Bisabolene 
production by R. toruloides on severe one-stage self-heated hydrolysate and severe two-stage self-heated hydrolysate. Result was not statistically 
significant ( p = .99). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, its economic and technical valuation depends on de-
tailed knowledge of its chemical composition, which varies due
to factors like source, growing conditions, storage, and processing
methods. A growing body of publicly available data on the impact
of feedstock variability on fermentation performance supports
biorefineries faced with a choice to either accept the inherent
performance risks associated with varying feedstocks or invest
in generating proprietary data and knowledge. Corn stover ex-
hibited significant heterogeneity within the plant, with different
anatomical fractions (e.g., cob, husk, and stalk) showing varied
chemical compositions, and as a function of degradation during
storage. One primary measure of lignocellulosic efficacy is the
ability of microbial strains to utilize available carbon sources,
primarily glucose, which was the case in this study. The different
corn stover feedstocks studied showed varying conversion perfor-
mance, which suggested that critical material attributes present
in the biomass influenced the conversion performance. Proteomic
analysis revealed significant protein expression differences, es-
pecially in the expression of metal transport proteins and energy
conversion, as well as lipid metabolism and transport, further
indicating variations in hydrolysate composition. Understanding
these interactions requires a multifaceted approach and further
investigation. Overall, DMR-EH pretreatment was shown to be
an effective pretreatment approach as R. toruloides- produced
bisabolene on all feedstocks evaluated. However, there is a need
to address feedstock heterogeneity to improve commercial-scale
performance. 
The United States has been exploring different strategies to 
sustainably produce aviation fuels, reduce GHG emissions, and 
meet growing market demand. Even though commercial viability 
is a major concern for large-scale deployment and commercial- 
ization, the ability of the aviation sector to meet SAF production
and GHG reduction targets depends largely on the amount of sus- 
tainable feedstock that will be available for the sector (Chao et al.,
2019 ; Nelson, 2018 ; Pasa et al., 2022 ). As is generally the case for
the economics of commodity chemicals, the availability and cost 
of feedstocks are critical for the viability of virtually every biomass 
processing activity, regardless of the final product. Utilizing these 
feedstocks would be critical for achieving aviation fuel goals 
as well as providing sustainable feedstock for decarbonization.
However, as this and other studies have shown, feedstock vari- 
ability can lead to variability in product outcomes, which in turn 
introduces significant business risk and economic uncertainty.
Understanding and, where possible, neutralizing variability in the 
biomass can protect product yield and allow biorefineries to focus 
their sensitivity analyses on factors over which they have less in-
fluence, allowing them to build more informed strategies for their 
business and day-to-day operations. Even though SAF production 
from lignocellulosic materials is still at the demonstration scale,
researchers in the Feedstock Conversion Interface Consortium 

have made extensive efforts towards de-risking biomass variabil- 
ity to make the production of SAF economically feasible (Bose 
et al., 2020 ; Leal et al., 2020 , 2022 ; Ray et al., 2020 ). This study
elucidates the pronounced effects on conversion efficiency as a 
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unction of batch-to-batch variability of whole corn stover and
orn stover anatomical fractions, as well as biological degradation
uring storage, emphasizing the importance of understanding
eedstock variability to improve bioprocess operations and eco-
omics. Further studies should also include engineering the strain
or increased robustness, enabling it to better withstand varia-
ions in feedstock composition. An effective solution will likely
equire a combined approach encompassing improved feedstock
haracteristics, enhanced strain robustness, and an optimized
ermentation process. This highlights the critical importance
f collaboration in addressing some of the most significant
hallenges. 
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