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ARTICLE INFO ABSTRACT
Editor: Dr. A. Daugulis Improving biomass enzymatic saccharification is effective for crop straw utilization, whereas phytoremediation
is efficient for trace metal elimination from polluted agricultural soil. Here, we found that the green proteins
Keywords: extracted from Amaranthus leaf tissue could act as active biosurfactant to remarkably enhance lignocellulose
gwar‘l?th proteins enzymatic saccharification for high bioethanol production examined in eight grassy and woody plants after mild
iosurfactant

chemical and green-like pretreatments were performed. Notably, this study estimated that total green proteins
supply collected from one-hectare-land Amaranth plants could even lead to additional 6400-12,400 tons of
bioethanol, being over 10-fold bioethanol yield higher than those of soybean seed proteins and chemical sur-
factant. Meanwhile, the Amaranth green proteins were characterized as a dominated biosorbent for multiple trace
metals (Cd, Pb, As) adsorption, being 2.9-6 folds higher than those of its lignocellulose. The Amaranth plants
were also assessed to accumulate much more trace metals than all other plants as previously examined from
large-scale contaminated soils. Furthermore, the Amaranth green proteins not only effectively block lignin to
release active cellulases for the mostly enhanced biomass hydrolyzes, but also efficiently involve in multiple
chemical bindings with Cd, which should thus address critical issues of high-costly biomass waste utilization and
low-efficient trace metal remediation.

Green-like process
Biomass saccharification
Trace-metal remediation

1. Introduction total plant biomass particularly in crop straws, large amounts of ligno-
cellulose residues are not well utilized, leading to as the wastes

By photosynthesis, plants are capable to convert solar energy into remaining in farming lands and human life locations (Ragauskas et al.,
biomass substances, providing protein, starch and lignocellulose resi- 2006; Sun et al., 2016). Over the past years, attempts have been made to
dues. However, although lignocellulose residues cover more than half of convert the lignocellulose into biofuels and bioproducts, and in
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particular, cellulosic bioethanol has been defined as the promising sec-
ond generation of biofuel for reduced net carbon emission (De Souza
et al., 2014; Kim et al., 2020; Yang et al., 2018). Nevertheless, as
lignocellulose recalcitrance basically causes an unacceptably costly
bioethanol conversion along with unavoidable secondary wastes release
into the environment (Chen et al., 2016; Demartini et al., 2013), it be-
comes essential to find out a cost-effective and green-processing tech-
nology for complete utilization of crop lignocellulose residues.

Lignocellulose recalcitrance is fundamentally determined by plant
cell wall composition, wall polymer feature, and wall-network style
(Wang et al., 2016). Although various biomass pretreatments under
extreme conditions are effective to break down lignocellulose recalci-
trance (Baruah et al., 2018; Liu et al., 2019), the most techniques simply
cause a costly biomass process and produce numerous toxic compounds
that affect sequential enzymatic hydrolysis and inhibit final yeast
fermentation (Dos Santos et al., 2019; Shinde et al., 2018). Exception-
ally, liquid hot water, steam explosion, and CaO pretreatments have
been applied as environment-friendly technology to enhance biomass
enzymatic saccharification (Alam et al., 2019; Sun et al., 2017; Wu et al.,
2019a; Zahoor et al., 2017). Because the biomass residues are of diverse
lignocellulose compositions and features among different crop species, it
also remains to explore a universal strategy applicable for all types of
biomass resources.

Chemical surfactants especially non-ionic chemicals have been
applied to enhance lignocellulose enzymatic saccharification (Wang
et al., 2018). For instance, Tween-80 could specifically block cellulase
adsorption for largely enhanced enzymatic hydrolysis and bioethanol
conversion in common reed (Jin et al., 2016). Meanwhile, bovine serum
albumin (BSA) and soybean seed protein are also examined to play a
surfactant-like role for enhancing biomass enzymatic hydrolysis (Wei
and Wu, 2017; Florencio et al., 2016). However, the supplements with
chemical surfactants, BSA, and soybean proteins still cause overpriced
enzymatic hydrolysis of biomass residues at large scale, and particularly
the soybean proteins supply could not avoid the conflict with food and
feed security (Liu et al., 2018). Furthermore, much is unknown about
mechanism of how surfactants could improve biomass enzymatic hy-
drolysis while various physical and chemical pretreatments are per-
formed with diverse lignocellulose resources (Zhou et al., 2015). Hence,
it should be more important to identify the non-chemical surfactant that
is of low cost and high activity for enhancing biomass enzymatic
saccharification at large scale.

Cadmium (Cd), lead (Pb) and arsenic (As) are the major trace metals
that are of toxicity to human beings and animals, and they have been
examined to contaminate agricultural lands and daily life locations over
the world (Peng et al., 2009; Vardhan et al., 2019). Since special plant
species could accumulate individual trace metals, plant phytor-
emediation has been regarded as a green-like biotechnology for trace
metal elimination (Cheng et al., 2019, 2018). For large scale phytor-
emediation, however, it is important to sort out what is the major
compound strongly associated with trace metals in the
lignocellulose-rich biomass residues.

Amaranthus retroflexus L. is a fast-growing C4 grass consisting of
60-70 species for wide-ranging ecological adaptability, and thus it can
grow up to 1.5-3 m height for enormous biomass resource with rela-
tively less requirements of water and fertilizer supplies (Jonathan,
1986). Particularly, the Amaranthus plant is of rich proteins ranged from
10% to 38% in the green tissues such as leaves and stems, and those
green proteins have thus been considered as nutrition additive into food
and feed (Grobelnik Mlakar et al., 2010). As the Amaranthus plant pro-
duces large amounts of green proteins, it would be interesting to test
their roles in biomass enzymatic hydrolysis and trace metal phytor-
emediation. In this study, we extracted the most proteins from the
Amaranthus fresh leaves and then co-supplied into enzymatic hydrolyzes
of diverse lignocellulose substrates. By comparison with classic chemical
surfactant (Tween-80) and soybean seed proteins, this study detected
that the Amaranth proteins at less dosage supply could even enhance
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more biomass enzymatic saccharification for extra bioethanol produc-
tion under mild-chemical and green-like pretreatments performed in
eight representative grassy crops and woody trees. Meanwhile, we
determined that the Amaranth proteins accumulated large amounts of
three trace metals (Cd, Pb, As) in vivo and in vitro, indicating that the
Amaranth proteins should play a dominated biosorbent role in plant
phytoremediation. Furthermore, this study in-depth performed chemi-
cal and biochemical integrated analyses to sort out mechanisms of how
the Amaranth proteins could either play an universal biosurfactant role
for enhanced lignocellulose enzymatic saccharification of all major
crops and trees or act as a dominated biosorbent for trace metals
remediation, thereby providing a cost-effective and green-process
strategy to enhance biomass degradation for cellulosic ethanol produc-
tivity or to remove multiple trace metals from polluted agricultural
lands at large scale.

2. Material and methods
2.1. Collection of biomass samples

Seven types of biomass samples of grassy crops (rice, wheat, rape-
seed, Miscanthus, and corn) and woody trees (poplar and Eucalyptus)
were respectively collected from Huazhong Agricultural University
experimental station. All biomass samples and stem tissues of Amaranth
plant (Amaranthus retroflexus L. provided by China Amaranth Ecological
Technology Co., Ltd.) were dried at 50 °C until constant weight, ground
through a 40-mesh screen and stored in the sealed container until use.

2.2. Wall polymer extraction and determination

Plant cell wall fractionation procedure was performed as previously
described by Peng et al. (2000) with minor modification in this study.
The soluble sugars, lipid, starch, and pectin of biomass samples were
consecutively extracted by using potassium phosphate buffer (pH 7.0),
chloroform-methanol (1:1, v/v), DMSO-water (9:1, v/v) and ammo-
nium oxalate 0.5% (w/v). The remaining crude residues were extracted
with 4 M KOH with 1.0 mg/mL sodium borohydride for 1 h at 25 °C and
the combined supernatants were used as KOH-extractable hemi-
celluloses fraction. The remaining pellets were applied to detect total
hexoses for cellulose level by the anthrone/H3SO4 method (Fry, 2000).
Total hemicelluloses level was calculated by detecting pentoses of the
non-KOH-extractable pellets by the orcinol/HCl method (Dische et al.,
1962) and total hexoses and pentoses in the KOH-extractable fraction.
Total lignin consisting of acid-soluble and insoluble lignin was measured
using the Laboratory Analytical Procedure of the National Renewable
Energy Laboratory (Sluiter et al., 2008). All analyses were performed in
independent triplicate.

To detect monosaccharide composition of hemicelluloses fraction,
GC-MS (SHIMADZU GCMS-QP2010 Plus) method was applied as pre-
viously described by Li et al. (2015). Trifluoroacetic acid (TFA) and
myo-inositol were obtained from Aladdin Reagent Inc. 1-Methylimida-
zole was purchased from Sigma-Aldrich Co. LLC. Acetic anhydride and
acetic acid were obtained from Sinopharm Chemical Reagent Co., Ltd.

2.3. Plant protein extraction

The well-dried Amaranth green tissues and soybean seeds (purchased
from commercial market) were respectively ground twice into powders
with liquid nitrogen, and the pestle and mortar were rinsed with 10 mL
buffer (0.2 M Na-acetate, pH 4.5). The combined homogenates were
transferred into 15 mL plastic tubes, shaken under 150 rpm at 25 °C for
30 min and centrifuged at 3000 x g for 5 min. All supernatants were
collected as the extractable protein samples for the following
experiments.
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2.4. Amino acids assays and protein Western blot analysis

The extracted proteins from Amaranth and soybean samples were
determined by Nitrogen Analyzer (SpectraMax i3x Multi-Mode Detec-
tion Platform, USA) as previously described by Da Silva et al. (2016)
with minor modification in this study. A total of 0.2 g protein samples
was suspended with 4 g solution (CuSO4 + K2SO4, 1:8), added with 12
mL (v/v) H2SO4, and heated at 320 °C for 3 h until completely oxidized.
After tubes were cooled down, the samples were added with distilled
water up to 100 mL and 300 pL of filtrated samples were used for total
nitrogen assay. The crude protein was calculated by converting total
nitrogen into protein-beyond 6.25 according to Eq. (1) as previously
described by Mariotti et al. (2008).

Crude protein(%) = (A x D) x 100/W x 6.26 (@D)]

where A; the absorbance of samples by Nitrogen Analyzer; D: sample
dilution with distilled water; W: the weight (g) of samples.

An Automatic Amino Acid Analyzer (L-8900 Tokyo, Japan) was
applied to determine amino acid compositions of proteins samples as
previously described by Andini et al. (2013). Total 0.2 g dried samples
with 10 mL 6 N HCl were added into the cylinder glass tubes and
oxidized under cold vacuum condition. The vacuum-sealed glass tube
was heated at 110 °C for 24 h, and then the vacuum-dried hydrolysates
were added with distilled water. After centrifugation for 10 min at
3000 x g, the supernatants were transferred into an Erlenmeyer flask
through a 0.45 pL nylon membrane filter with the pipette. A rotary
evaporator was used to remove HCI in the solution. After the solution is
dried up, 5 mL sodium acetate buffer was added and then filtered
through a 0.22 pL nylon membrane filter. About 300 pL filtrate was used
to measure amino acids. The experiments were conducted in indepen-
dent triplicates.

For Western blot analysis, the protein samples were loaded into 12%
SDS-PAGE gel, and Western blot analysis was performed as previously
described by Li et al. (2017).

2.5. Physical and chemical pretreatments of biomass residues

All physical and chemical pretreatments were performed as previ-
ously described including steam explosion (SE), liquid hot water (LHW),
lime (Ca0), and alkali (NaOH) pretreatments (Alam et al., 2019; Wu
et al., 2019a; Zahoor et al., 2017). The control samples (without pre-
treatments) were added with distilled water and shaken for 2 h at 50 °C.
All samples were conducted in independent triplicate.

SE pretreatment: The well-dried wheat, rapeseed, Miscanthus, and
corn straw samples (200 g) were respectively loaded with Steam Ex-
plosion Reactor (QBS-200, Hebi Zhengdao Machine Factory, Hebi,
China) using previously-established condition (2.5 MPa, 200 °C, 3 min
(Zahoor et al., 2017)). The steam-exploded residues were dried and
ground into powders through a 40-mesh screen and stored for further
experiments.

LHW pretreatment: The well-mixed Amaranth and rice biomass
samples were respectively suspended with 2.4 mL distilled water in a
well-sealed Teflon gasket with stainless steel bombs, and heated at
200 °C under 15 rpm for 2, 4, 8, 16, and 32 min. The sealed bombs were
directly cooled down and the liquors were transferred into 15 mL plastic
centrifuge tubes with distilled water into the final volume up to 6 mL.
The tubes were further centrifuged at 3000 x g for 5 min and the su-
pernatant was used for determination of total pentoses and hexoses.

CaO pretreatment: The well-dried Amaranth and rice biomass sam-
ples were respectively added into 6 mL CaO at various concentrations
(1%, 2.5%, 5%, 10%, 15% w/w) for 48 h at 50 °C. The samples were
neutralized with 10% HCI or HSO4, centrifuged for 5 min at 3000 x g,
and washed with distilled water for 5-6 times until pH 7. All superna-
tants were collected for determination of pentoses and hexoses.

NaOH pretreatment: The well-mixed poplar and Eucalyptus biomass
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samples were respectively added with 6 mL solution of NaOH at
different concentrations (1%, 2%, 4%, 8%, 12% w/v) and shaken under
150 rpm at 50 °C for 2 h. After centrifugation at 3000 x g for 5 min, all
supernatants were collected for pentoses and hexoses assay.

For LHW, CaO, and NaOH pretreatments, the remained residues
were washed with distilled water for at least 5 times until pH 7, and then
rinsed once with 0.2 M Na-acetate buffer (pH 4.8) for the sequential
enzymatic hydrolysis as described below.

2.6. Biomass enzymatic hydrolysis co-supplied with surfactant and
protein

Enzymatic hydrolysis with 5% biomass loading was performed as
previously described by Li et al. (2018) with minor modification in this
study. The remaining residues from pretreatments were washed with
0.2 M Na-acetate buffer (pH 4.8), and incubated with 2 g L1 (w/v)
mixed-cellulases including the final concentrations of cellulases at 10.60
FPU g~ ! biomass and xylanase at 6.72 U g~ ! biomass, while co-supplied
with/without various concentration of Amaranth proteins and soybean
proteins (2%, 4%, 8%, 12%, 16%; w/w) or Tween-80 (0.6%, 0.8%, 1%,
1.6%, 2%; v/v). In addition, the pretreated residues of rice (LHW) and
corn (SE) were incubated with the commercial cellulases enzymes
(Cellic CTec2) at a dosage of 113.3 FPU/mL. Filter paper assay was used
to measure mixed-cellulases activity based on the International Union of
Pure and Applied Chemistry (IUPAC) guidelines, 1 FPU = 1 pmol min~!
of “glucose” (reducing sugars as glucose). The xylanase activity was
determined by using commercial 1% (w/v) xylan (Sigma-Aldrich Co.
LLC, California, USA) as substrate, 1 U = 1 pmol min~! of “xylose”. The
hydrolysis reactions were performed under 150 rpm at 50 °C for 48 h.
After centrifugation at 3000 x g for 5 min, the supernatants were
collected to determine total pentoses and hexoses yields released from
enzymatic hydrolysis according to Eq. (2):

Hexoses yield (%) = Hexoses released (g) x 100/Cellulose content (g)
(2)

where hexoses released (g) from substrates after 48 h enzymatic hy-
drolysis; cellulose content (g) of the raw substrates presented in
Table S2. All experiments were carried out in independent triplicate.

2.7. Yeast fermentation and ethanol assay

Yeast fermentation was conducted using total hexoses released from
both pretreatment and sequential enzymatic hydrolysis as previously
described by Jin et al. (2016). Saccharomyces cerevisiae strain (purchased
from Angel yeast Co., Ltd., Yichang, China) was used in all fermentation
reactions. The ethanol yield was estimated using KoCroO; method as
described by Hu et al. (2018). Absolute ethanol (99.9%) was used as the
standard. The sugar-ethanol conversion rate (%) was calculated ac-
cording to Eq. (3):

S—E (%) = E/(F x H) x 100 3)

where S-E: sugar-ethanol conversion rate (%); E: total ethanol weight (g)
at the end of fermentation; F: the theoretical conversion rate at 0.511
(92/180) in the case when glucose is entirely fermented to ethanol ac-
cording to the Embden-Meyerhof-Parnas pathway in S. cerevisiae; and
H: total hexoses weight (g) at the beginning of fermentation (released
from both pretreatment and enzymatic hydrolysis). The fermentation
experiments were conducted in independent triplicate.

2.8. Proteins binding assay

Protein binding assay was conducted as previously described by
Henshaw et al. (2004) with minor modification in this study. About
5 mg Amaranth proteins (per mL) was incubated in 0.2 M Na-acetate
buffer (total volume of 10 mL, pH 4.8) with the lignin residues
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Fig. 1. Lignocellulose compositions of mature Amaranthus retroflexus L. straw. (A) All compounds of stem and leaf tissues (% of total). (B) Wall polymer proportions

of stem and leaf tissues (% of total). Data as means + SD (n = 3).

prepared from rice material in this study and the commercial standard
samples including lignin, xylan, and avicel. After shaken at 25 °C for 4 h,
the samples were centrifuged at 4000 x g for 5 min to collect unbound
proteins in supernatants, and the Bradford assay was applied to detect
the proteins content. The bound proteins were calculated by subtracting
the amount of unbound proteins from total proteins. All experiments
were performed at independent triplicate.

2.9. Measurement of zeta potential and surface tension

Zeta potential of lignin microparticles in biomass samples was
analyzed by a Dynamic Light Scattering (DLS) Analyzer equipped with a
laser Doppler microelectrophoresis (Zetasizer Nano ZS90, Malvern In-
struments, Malvern, UK) as previously described by Luo et al. (2019).
The samples were filtered by 0.45 um syringe membranes (Millipore,
Billerica, MA, USA) for analysis and deionized water was used for
background correction. Zeta potential measurements were performed in
independent triplicate.

Surface tension measurements were performed by the Wilhelmy
plate method using a NIMA ST-9000 tensiometer (Nima Technology,
Coventry, UK) as previously described by Zhu et al. (2019). A platinum
plate (10.04 x 0.15 mm) supplied by Nima Technology was used for all
surface tension measurements. The plate was cleaned with 75% ethanol
and distilled water and then flamed before each measurement. Each
sample was measured for equilibrium surface tension after at least
10 min to ensure the saturation of surfactant adsorption on the air/-
water interface. The tensiometer was calibrated as per the operating
instructions and the surface tension of Milli-Q water was measured to
ensure accuracy. The surface tension of the Amaranth solution was
measured immediately and maintained at an ambient temperature of
approximately 23 °C.

2.10. Trace metals detection

Trace metal levels of various biomass protein samples were deter-
mined as previously described by Cheng et al. (2019) and Zhou et al.
(2017). For the extracted protein samples as described above, 70%
ethanol was used to remove soluble sugars in the supernatant and the
soluble trace metals were vacuum-dried for 72 h at 25 °C. The well-dried
samples were digested with HNO3 and then an automatic absorption
spectrometer (Agilent 240Z GFAA) was applied to detect Cd and Pb
levels. The well-mixed powder was aqua-regia digitized with
HNO3/H2SO4/HCIO4 and an atomic fluorescence spectrometer
(AFS-8220, Titan Instruments) was applied to detect As level. All

experiments were carried out in independent triplicate.

2.11. Cd adsorption assay

Both extractable Amaranth proteins and lignocellulose residue sam-
ples were respectively dried at 50 °C under air oven for Cd adsorption
assay. Solutions of Cd was prepared by adding Cd (NOs) into ultra-pure
water at room temperature. Batch adsorption experiments were per-
formed for 4 h in 50 mL tubes at 150 rpm as previously described by Xu
et al. (2020) and Zhang et al. (2020). Biosorption experiments were
performed under the operating condition: pH (4.0-8.0), initial metal
concentration (10-100 mg/L) and protein with or without DNase
enzyme. The samples were filtered through a 3 KD ultrafiltration tube
and the residual Cd in the filtrate was determined by flame atomic ab-
sorption spectrophotometer (FAAS HITACHI Z-2000, Japan) equipped
with air-acetylene flame. The amount of adsorption at equilibrium qe
(mg g~1) and the percentage removal efficiency (%R) were calculated as
previously described by Yu et al. (2008). The biosorbents were also
characterized using X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Fisher, USA) (Yu et al., 2015). All assays were conducted
in independent triplicate.

2.12. Statistical analysis of correlation coefficients

Superior Performance Software Systems (SPSS version 17.0, Inc.,
Chicago, IL) was applied for statistical analysis. Correlation coefficients
were determined using Spearman’s rank for all measured parameters.
Pair-wise comparisons were conducted between two measurements by
Student’s t-test. Means were separated by the least significant difference
(LSD) test at P < 0.05. The line graph for the best fit curve was generated
using Origin 8.5 software (Microcal Software, Northampton, MA). The
average values were calculated from the original triplicated measure-
ments for these analyses.

3. Results and discussion

3.1. Amaranth plants are rich at high quality of lignocellulose and
proteins

Although Amaranthus retroflexus L. is the typical C4 grassy plant
consisting of 60-70 species for diverse ecological distributions (Jona-
than, 1986), much remains unknown about its biomass yield and protein
constitution. By referring with the worldwide data (Akond et al., 2013;
Viglasky et al., 2009), this study respectively measured the fresh and dry
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as multiple significant difference by LSD-test at P < 0.05.

weights of the Amaranth plants ranged from 105 to 225 t/ha and
37-54 t/ha, with the lowest and highest proteins levels between 10.4
and 18.9 t/ha. Using the green tissue samples of Amaranth plants
collected in this experiment, we determined that lignocelluloses (total
wall polymers) cover 57% and 38% (% of total dry weight) of biomass
materials in stem and leaf tissues, respectively (Fig. 1A). Notably, both
stem and leaf tissues contained much high proteins levels at 15% and
26% (of total), confirming that the Amaranth plant was extremely rich at
proteins in the green tissues. Meanwhile, this study detected much high
soluble sugars (9%) in the green tissues, which would be directly
applicable for yeast fermentation to produce additional bioethanol.

Furthermore, this study examined three major wall polymers levels
of dry Amaranth stem tissues including 27% cellulose (% of total), 14%
hemicellulose, 11% lignin, and 5% pectin (Fig. 1B), indicating that the
cellulose-rich stem tissue should be the desirable biomass residue for
cellulosic ethanol productivity. By comparison, the dry leaf tissue con-
tained much less lignocellulose than that of the stem, due to relatively
more proteins and ash. As Amaranth leaf tissue contained much high
proteins level, this study further detected its amino acid composition
(Table S1). Among total of 17 amino acids examined, we examined eight
human-essential amino acids covering 45% of the total, which were
much higher than those of soybean seed and other cereal grains (Carrera
et al., 2011; Gorinstein et al., 2002). Furthermore, this study found that
most proteins (84% of total) were extractable from the Amaranth leaf
tissue, and the extractable proteins contained the highest proportions of
two amino acids (Asp and Glu) with relatively high levels of Lys and Arg
(Table S1). Because those four amino acids are of distinctively negative
and positive charges, it would be interesting to test those extractable
proteins roles in biomass enzymatic hydrolysis and trace metal accu-
mulation in the following experiments.

3.2. Amaranth proteins are mostly efficient for enhancing biomass
enzymatic saccharification in eight major crops and trees

Using previously-established approaches (Alam et al., 2019; Hu
et al., 2018; Wu et al., 2019a), this study compared Amaranth proteins
(AP), soybean proteins (SP) and Tween-80 enhancements on biomass
saccharification by measuring hexoses yields (% cellulose) released from
enzymatic hydrolyzes of pretreated lignocellulose substrates in eight
major crops and trees (Fig. 2). Because the Amaranth straw is of much
high biomass yield as described above, we first detected its biomass
saccharification under two green-like pretreatments (8 min liquid hot
water/LHW at 200 °C and 10% CaO at 50 °C) as previously established
(Alam et al., 2019; Wu et al., 2019a), while co-supplied with Amaranth
proteins, soybean seed proteins, and Tween-80 at series of concentra-
tions into the enzymatic hydrolysis reactions (Fig. 2A-C). As a result, the
supplement with 8% Amaranth proteins could lead to almost complete
biomass enzymatic saccharification of Amaranth straw with hexoses
yields of 100% (% cellulose) under two green-like pretreatments per-
formed (Fig. 2A), whereas the controls without Amaranth proteins sup-
ply only showed the hexoses yields of 89% and 70% (% cellulose),
suggesting that the Amaranth proteins may play a surfactant-like
enhancement role in biomass enzymatic hydrolysis. By comparison,
the supplement with a higher dosage of soybean seed proteins (12%)
could also cause complete saccharification of Amaranth straw under the
8 min LHW pretreatment, but it led to hexoses yield of 95% (%cellulose)
under the 10% CaO pretreatment (Fig. 2B). Even though under the
higher dosage of soybean proteins (16%) supply, the hexoses yield
turned to be a reducing trend, which was consistent with the previous
reports that the commercial soybean proteins at high dosage (more than
12%) could not further improve enzymatic hydrolysis of steam-exploded
sugarcane bagasse (Brondi et al., 2019; Florencio et al., 2016). Similarly,
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significant difference by LSD-test at P < 0.05.

the Tween-80 supplement at the optimal concentration (1%) led to the
hexoses yield of 94% under the 10% CaO pretreatment (Fig. 2C). Hence,
even though at relatively less dosage supply, the Amaranth proteins
could exhibit more enhancement for biomass enzymatic saccharification
compared to the soybean proteins and Tween-80.

Furthermore, this study selected seven representative grassy crops
such as three major food crops (rice, wheat, rapeseed), two C4 bioenergy
plants (Miscanthus, corn) and two woody trees (poplar, Eucalyptus), with
distinct cell wall compositions and wall polymer features (Table S2).
Using three green-like pretreatments (liquid hot water/LHW, steam
explosion/SE, CaO) and one mild alkali pretreatment (NaOH) at their
optimal conditions as previously established (Alam et al., 2019; Wu
et al., 2019a; Zahoor et al., 2017), this study examined biomass enzy-
matic saccharification co-supplied with three surfactants (Fig. 2D). In
general, the 8% Amaranth proteins supplement remained the most
enhanced biomass enzymatic saccharification in all seven crops, as
compared to the 12% soybean proteins and 1% Tween-80 supplies,
consistent with the findings of Amaranth straw. Moreover, the supple-
ments of 8% Amaranth proteins could even lead to the hexoses yields
ranged from 1.44 to 9.40 (g/L) in eight bioenergy crops and trees
examined (Fig. S1). In particular, both Amaranth and soybean proteins
were of significantly higher enhancement capacity on biomass
saccharification than those of the Tween-80 at P < 0.05 or 0.01 level
(n = 3) in almost all lignocellulose substrates examined. Provided that
the Tween-80 has been examined as a powerful chemical surfactant (Jin
et al., 2016), the results obtained in this study suggest that the green
proteins should be more effective for enhancing enzymatic saccharifi-
cation of diverse lignocellulose substrates. In addition, except for the
wheat straw, other six crops showed significantly higher hexoses yields
released from enzymatic hydrolyzes while co-supplied with the 8%
Amaranth proteins, compared to the 12% soybean proteins, which
confirmed that the Amaranth proteins should be of more efficient en-
hancements for the enzymatic saccharification of diverse lignocellulose
residues.

To test the specificity of Amaranth proteins, this study co-supplied
protein inhibitors and DNases into the biomass enzymatic hydrolysis
reactions, respectively (Fig. S2A). Using the pretreated biomass residues
of rice and corn straws, we found that co-supplement with proteinase
inhibitors or DNases did not significantly affect the Amaranth proteins
enhancements, suggesting that the Amaranth proteins should be stable
for saccharification enhancement and the nucleic acids co-extracted
with the Amaranth proteins may have little impact on biomass enzy-
matic hydrolysis. Meanwhile, while another commercial cellulases
(Cellic CTec2) were applied for biomass enzymatic hydrolysis, the
Amaranth proteins supply showed the enhancement rate of biomass
saccharification similar to the mixed-cellulases examined above

(Fig. S2B). In addition, this study detected the hexoses yields released
from enzymatic hydrolysis contain 97-98% glucose and the small pro-
portion of galactose and mannose from the Amaranth proteins supply,
and the glucose proportions were higher than those of the soybean
proteins and Tween-80 supplies (Table S3), suggesting that the
Amaranth proteins supply should remain more effective for enzymatic
hydrolysis of cellulose microfibrils. Thereby, the results indicated that
the Amaranth proteins are specifically stable and durable for enhancing
enzymatic saccharification of diverse lignocellulose residues in eight
major crops and trees.

3.3. Bioethanol yields are remarkably elevated in all types of
lignocellulose residues upon Amaranth proteins supply

As the Amaranth proteins play a universal enhancement role in
biomass enzymatic saccharification of all eight types of lignocellulose
residues examined, this study consequently performed yeast fermenta-
tion to measure bioethanol yields (Fig. 3). Compared to the controls
(without Amaranth or soybean proteins) of eight lignocellulose residues
under the four pretreatments performed above, both 8% Amaranth
proteins and 12% soybean proteins supplements led to significantly
increased bioethanol yields, with the elevated rates ranged from 43% to
128% (Amaranth proteins) and 30-104% (soybean proteins), respec-
tively (Fig. 3), which are consistent with their distinctively raised hex-
oses yields (Fig. 2). Among the pretreated biomass samples of eight
crops and trees examined, the 8% Amaranth proteins supply remained
significantly higher bioethanol yields than those of the 12% soybean
proteins at P < 0.01 levels (n = 3).

Based on the hexoses and bioethanol yields obtained in all biomass
samples, this study further calculated sugar-ethanol conversion rates
(Fig. S3A). By comparison, the 8% Amaranth proteins and 12% soybean
supplements respectively led to the sugar-ethanol conversion rates at
98% and 94%, whereas the controls had the conversion rate of 84% on
the average, suggesting that both green proteins supplies should largely
improve yeast fermentation efficiency, probably by either producing less
toxic compounds that inhibit yeast fermentation during biomass enzy-
matic hydrolysis or blocking the toxic compounds with yeast cells (Deng
et al., 2020; Sun et al., 2020). Despite that Tween-80 has reportedly
improved yeast fermentation (Jin et al., 2016), this study revealed that
the green proteins should be of better performance in particular from the
Amaranth proteins.

By means of the collected data of maximum dry biomass yields per
year of eight major crops in the farming fields (Table S4), this study in
theory evaluated the potential bioethanol yields at large scale, subjec-
tive to their biomass enzymatic saccharification and sugar-ethanol
conversion rates obtained above (Fig. S3B). Due to the highest dry
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biomass yield (Table S4) and a complete biomass enzymatic sacchari-
fication with 8% Amaranth proteins achieved in this study, the Amaranth
straw could produce 9.13 tons of bioethanol from per hectare (ha) dry
matter /per year, which is 2-4 folds higher than those of other seven
bioenergy crops (Fig. S3B). Meanwhile, while co-supplied with 12%
soybean proteins, all eight bioenergy crops produced much less bio-
ethanol yields relative to the 8% Amaranth proteins, mainly due to the
soybean proteins that are of significantly less enhancements on biomass
enzymatic saccharification and sugar-ethanol conversion rates.
Furthermore, based on the maximum dry biomass yield (54 t/ha/per
year) and average proteins (20% dry matter) extracted from the
Amaranth plant, this study evaluated that the Amaranth plant could
produce about 11 tons of extractable proteins per hectare, which could
be co-supplied to enhance enzymatic hydrolysis of almost 137,500 tons
of dry biomass for bioethanol production. In terms of this estimation, we
calculated that total Amaranth proteins extracted from the Amaranth
plants grown one-hectare land could be supplied to produce the addi-
tional bioethanol yields from 6400 (rapeseeds) to 12,400 tons (rice), as a
comparison with the controls without the Amaranth proteins supply in
eight crops examined in this study (Fig. S3C). By comparison, the soy-
bean proteins extracted from soybean seeds (per ha land/per year) could
only produce extra bioethanol yields at less than 1000 tons, which were
more than 10-fold less than those of the Amaranth proteins supply.
Hence, the Amaranth proteins supplement should be a cost-effective and
green-like technology applicable for enhancing bioethanol production at
large scale.
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Fig. 4. Detection of Amaranth proteins (AP) interaction
with lignocellulose residue substrates. (A, B, C) SDS-PAGE
and Western blot analyses of soluble proteins collected
from the supernatants of mixed-cellulases (MC) hydrolyzes
of pretreated rice and corn lignocellulose residues using
anti-exo-p-1,4-D-glucanase (CBH-I) and anti-xylanase. AP:
Amaranth proteins; MC + AP: Mixed-cellulases hydrolysis
co-supplied with the AP. (D, E) Measurements of relative
levels of CBH-I and xylanase detected in (B) and (C). (F)
Total soluble proteins levels detected in (B) and (C). Data
as means + SD (n = 3).
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3.4. Amaranth proteins effectively block lignin to release active cellulases
for efficient enzymatic saccharification

To sort out why the Amaranth proteins could universally enhance
enzymatic saccharification of diverse lignocelluloses substrates in all
crops and trees examined, this study detected both Amaranth proteins
and mixed-cellulases enzymes interactions with lignocellulose residues
(Fig. 4). Using total soluble proteins collected from the supernatants of
the enzymatic hydrolyzes reactions with the pretreated rice (LHW) and
corn (SE) residues performed at 50 °C for 48 h, this study presented
protein separation profiling, based on the 12% SDS-PAGE gel running
(Fig. 4A). As a control without any enzymatic hydrolysis reaction con-
ducted, the standard Amaranth proteins and mixed-cellulases enzymes
(MC) respectively showed their typical protein bands. While the
Amaranth proteins were not co-supplied into the mixed-cellulases
enzymatic hydrolysis, the pretreated rice sample showed one faint
band, and none of the detectable bands was found in the pretreated corn
sample, indicating that almost all enzymes of the mixed-cellulases
should be strongly associated with the lignocellulose substrates to
maintain in the pellet during enzymatic hydrolysis reaction. On the
other hand, without the mixed-cellulases addition, both rice and corn
samples did not exhibit any detectable protein bands from the Amaranth
proteins co-supplement, suggesting that the Amaranth proteins should
be fully interacted with the lignocellulose substrates either. However,
while the Amaranth proteins were co-supplied into the mixed-cellulases
enzymatic hydrolysis reaction as performed for standard enzymatic
saccharification, the rice and corn samples showed one strong band and
other several detectable bands, which were corresponding for enzymes
of the mixed-cellulases based on the molecular sizes on the SDS gel. To
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test that those bands were derived from the mixed-cellulases, we con-
ducted Western blot analysis using two anti-bodies against exo-p-1,4-D-
glucanase (CBH-I) and xylanase, two major enzymes of mixed-cellulases
respectively for cellulose and xylan hydrolyzes (Fig. 4B and C). Obvi-
ously, both rice and corn samples showed two specific bands of CBH-I
and xylanase from supernatants of the mixed-cellulases enzymatic hy-
drolyzes co-supplied with the Amaranth proteins, and those two
detectable bands were quantitated to high degrees (Fig. 4D and E),
which was confirmed by total protein assay (Fig. 4F). The results thus
suggest that the Amaranth proteins should effectively block the mixed-
cellulases interactions with lignocellulose substrates to release them in
the supernatant of the hydrolysis reaction.

3.5. Amaranth proteins play a surfactant-like role during lignocellulose
engymatic hydrolysis

To test if the Amaranth proteins could act as active biosurfactants for
enhancing biomass enzymatic saccharification, this study further per-
formed chemical and biochemical analyses (Fig. 5). Using SDS gel
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separation of all molecules of extractable Amaranth proteins, we exam-
ined that almost all molecules of extractable Amaranth proteins could
interact with the lignin residue of rice sample in the pellet (Fig. 5A),
suggesting that the Amaranth proteins should involve in non-specific
binding with the lignin residues. This may also explain why the
Amaranth proteins could play a universal enhancement role for ligno-
cellulose enzymatic saccharification of all major grassy and woody
bioenergy crops examined. Based on liquid chromatography electro-
spray ionization tandem mass spectrometry evaluation, total of 13
distinct Amaranth proteins were identified with molecules ranged from
10.4 kDa to 248.3kDa and pl values from 4.77 to 9.94, and all
extractable proteins were predicted to be the enzymes involved in
diverse biological processes (Table S5). Hence, compared to the soybean
seed proteins, the Amaranth proteins consist of quite more different
types of enzymes, interpreting why the low dosage of Amaranth proteins
supplement could even more enhance biomass enzymatic saccharifica-
tion than those of the soybean proteins.

Using the lignin residue of rice sample and other three commercial
standard samples (lignin, xylan, avicel), this study further detected

Soluble trace metals

Fig. 6. Amaranth proteins (AP) adsorption capacity with trace metals in vivo. (A) Cd, Pb, and As contents (ug/g dry straw) in three fractions of Amaranth plants grown
in land contaminated with trace metals. (B) Proportion of three trace metals detected in (A). (C) Calculation of maximum adsorption capacity (ug/g) in vivo of three
trace metals in the lignocellulose residue and extractable AP of Amaranth straw. Data as means + SD (n = 3).
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Amaranth proteins binding activity in vitro (Fig. 5B). By comparison, the
standard lignin sample showed much high binding activity (79%) close
to the rice lignin sample (85%), whereas the xylan and avicel samples
had extremely low binding activities at 15% and 3%, indicating that
lignin molecule was predominately binding with Amaranth proteins.
Meanwhile, the lignin condensation assay was performed in vitro, and
the zeta potentials of lignin microparticles were drastically reduced after
the mixed-cellulases hydrolyzes were conducted with pretreated rice
and corn residues for 30 h (Fig. 5C), which confirmed that lignin could
be efficiently binding with the Amaranth proteins. In addition, this study
detected the surface tension of the Amaranth proteins using a standard
approach (Zhu et al., 2019). While the Amaranth proteins remained
raising to supply, they exhibited dynamically reducing surface tension
from 70 mN/m to 33.3 mN/m (Fig. 5D), revealing that the Amaranth
proteins could act like a typical biosurfactant. Taken together, the re-
sults have demonstrated that the Amaranth proteins could play an
effective biosurfactant role for universal enhancements of lignocellulose
enzymatic saccharification by non-specifically blocking lignin to main-
tain free cellulases in all lignocellulose residues examined.

3.6. Amaranth proteins are of dominated adsorption capacity with
multiple trace metals

As Amaranthus plants have been applied for trace metals phytor-
emediation (Zhou et al., 2016), this study collected the raw straw sample
of Amaranthus plant grown in the farming land contaminated with
multiple trace metals, and then determined high trace metals accumu-
lation in the raw straw such as 45.51 ug cadmium/Cd (per g dry matter),
25.01 ug lead/Pb and 1.43 ug arsenic/As (Fig. 6A). To sort out three
trace metals distribution, this study examined three fractions of raw
straw: extractable proteins, solid lignocellulose residue, and soluble
trace metals. Despite the extractable Amaranthus proteins cover 20% of
total straw dry weight, they contained the highest contents of three trace
metals (20.39 ug Cd, 12.27 ug Pb, 0.74 ug As), respectively covering
43%, 49% and 60% of total trace metals, compared to the lignocellulose
residue and soluble metals (Fig. 6A and B). Furthermore, we calculated
the extractable Amaranthus proteins adsorption capacities (ug/g pro-
teins) with three trace metals such as 78.42 ug Cd, 47.19 ug Pb, and
2.48 ug As, which were 3.3-, 2.9- and 6-folds higher than those of its
lignocellulose residue, respectively (Fig. 6C). Therefore, the extractable
Amaranth proteins should be of dominated adsorption capacity in vivo
with three trace metals in Amaranth straw.

To confirm the Amaranth proteins being of the highest adsorption
capacity, this study performed a classic Cd%* adsorption analysis in vitro
using our recently-established approaches (Xu et al., 2020; Zhang et al.,
2020). Incubated with Cd%* in vitro under a wide range of pH values
from 4.0 to 8.0, the Amaranth proteins showed much higher Cd*"
adsorption rates (%) than those of the Amaranth lignocellulose residues
(Fig. 7A), consistent with their distinct ca?t adsorption in vivo (Fig. 6C).
In particular, the Amaranth proteins were of the maximum Cd>*
adsorption rate of 97% at pH 7, whereas the lignocellulose residues had
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Table 1
Estimation of maximum trace metal accumulation levels (g/ha/year) in plants.
Sample Trace metal References
accumulation level
(g/ha/year)
Cd Pb As
Amaranth 485 250 14.3  This study
Rice 7.1 20.5 9.3 (Liu et al., 2007)
Wheat 82.8 189 9.1 (Cheng et al., 2019; Liu et al., 2009)
Barley 28 4.2 NA (Baghaie and Aghili, 2019)
Rapeseed 135 13.7 8.1 (Wu et al., 2019b; Yuan et al., 2020;
Zhong et al., 2011)
Miscanthus 51.2 75 6.7 (Cheng et al., 2018; Kocon and
Jurga, 2017)
Sorghum 387 58.8 NA (Liu et al., 2020; Silas, 2017)
Corn 18.6 88.7 34 (Cao et al., 2019; Chi et al., 2017)
Solanum nigrum 159 55 NA (Li et al., 2019)
Sedum alfredii 132 NA NA (Sun et al., 2014)
Sida 4 56 NA (Kocon and Jurga, 2017)
hermaphrodita
Noccaea 130 NA NA (Liu et al., 2020)
caerulescens

NA: not available.

the highest adsorption rate of 90%. As the incubation dosage of Cd was
raising from 10 mg/L to 40 mg/L, the Amaranth proteins remained
significantly higher Cd*" adsorption capacities and removal rates,
compared to the lignocellulose residues (Fig. 7B). Notably, incubated
with the dosage of 40 Cd mg/L, the Amaranth proteins were of almost
100% Cd>* removal rate, whereas the lignocellulose residue had the
Cd?* removal rate of 95%. In addition, this study examined that the
nucleic acids co-extracted with the Amaranth proteins did not signifi-
cantly affect the Cd?* adsorption capacity (Fig. 7C). Therefore, the data
of obtained in vivo and in vitro have demonstrated that the Amaranth
proteins play a dominated role in trace metals phytoremediation.

In addition, based on the data obtained in this work and previous
studies (Table 1), this study briefly estimated the maximum accumula-
tion capacities (g/ha/year) of three major trace metals in the Amar-
anthus plant and other major crops and specific plants examined. As a
comparison, the Amaranthus plant could accumulate three trace metals
at the highest amounts such as 485 Cd, 250 Pb and 14.30 As (g/ha/
year), mainly due to its higher biomass yield and trace metal adsorption
capacity.

3.7. Amaranth proteins are involved in multiple chemical interlinkages
with Cd

With respect to the Amaranth proteins being of the higher Cd*"
adsorption capacity in vitro, this study detected their potential chemical
interlinkages with the Cd?* using X-ray photoelectron spectroscopy
(XPS) (Yu et al., 2008). Compared to the control without Cd2+, the
extractable Amaranth proteins obviously exhibited two additional peaks



M. Madadi et al.

Table 2
Identification of chemical bonds in extractable Amaranth proteins by XPS assay.
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Sample Area ration ( % )

NH,/CN C-C/C-H c-0 0=C-0 c=0 OH
Extractable AP 100 69.84 76.91 13.25 27.20 72.80
Extractable AP + Cd 81.49 49.60 28.65 21.75 52.43 47.57
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Fig. 8. A hypothetic model highlighting why the Amaranth proteins are applicable as high quality of proteins additives into food and feed and universal biosurfactant
and biosorbent for enhanced lignocellulose enzymatic saccharification and trace metal remediation.

from their incubation with the Cd%" in vitro (Fig. S4A). The appeared
peaks in the spectrum of 412.5 eV and 406 eV have been previously
characterized as 3d (Cd) and Cd—O linkages, suggesting that the
Amaranth proteins should be interlinked with Cd** by chemical bonds
(Xu et al., 2020). Meanwhile, this study observed the N 1s, C 1s and O 1s
peaks corresponding for nitrogen, carbon and oxygen spectra, and
detected obviously shifted peaks in the Amaranth proteins sample
incubated with Cd?' in vitro, relative to the control without Cd*",
revealing that six chemical bonds (-NH2/C-N, C-C/C-H, C-0O, O=C-O,
C=0, —OH) may all involve in the Amaranth proteins adsorption with
Cd%" (Fig. S4B-F; Table 2). This may interpret that the Amaranth pro-
teins were of much high adsorption capacity with trace metals, due to
many different types of Amaranth proteins that provided multiple
chemical interlinkages with trace metals.

3.8. Mechanisms of the universal enhancements of Amaranth proteins for
lignocellulose enzymatic saccharification and trace metal remediation

To understand why the Amaranth proteins could play universal
enhancement roles in lignocellulose enzymatic saccharification and
trace metal remediation, we proposed a mechanism model using the
data obtained in this work and reported in the previous studies (Fig. 8).
Because the Amaranth green tissues contain more than ten distinct
proteins/enzymes involved in diverse biological processes with mole-
cules ranged from 10.4 kDa to 248.3 kDa and pl values from 4.77 to
9.94, the extractable proteins could provide all eight human-essential
amino acids at high levels compared to other green proteins (Carrera
etal., 2011; Gorinstein et al., 2002), which should be thus applicable for
the high quality of proteins additives into food and feed (Fig. 8A). As
almost all types of green proteins could be precipitated with lignocel-
lulose residues to release active mixed-cellulases by mainly interlinking

10

with lignin (Fig. 8B), it should explain why the green proteins at low
dosages could much more enhance the enzymatic saccharification of all
distinct lignocellulose residues generated from various physical and
chemical pretreatments examined in eight major grassy and woody
plants, compared to the soybean seed proteins containing much less
types of proteins (Florencio et al., 2016; Luo et al., 2019). It also suggests
that all types of lignin molecules in pretreated lignocellulose residues
should be well blocked by the green proteins, leading to the
mixed-cellulases releases for efficient lignocellulose enzymatic hydro-
lyzes. Meanwhile, it is also understandable that the green proteins cause
much more enhancements to all lignocellulose enzymatic hydrolyzes
than those of the classic chemical surfactant Tween-80, mainly due to
the diverse molecular sizes and biochemical properties of the green
proteins enabled to block any types of pretreated lignocellulose residues.
Furthermore, the green proteins are of largely varied pl values and
chemical groups, which should be the major factors accounting for their
high accumulation in vivo with multiple trace metals (Cd, Pb, As)
examined in this study (Fig. 8C). In addition, the model highlights that
the green proteins should enable to act as a dominated biosorbent with
trace metals via various chemical bonds in vitro. Therefore, the chemical
and biochemical diversities of green proteins have determined a wide
range of applications such as the excellent nutrition additives into food
and feed, the universal biosurfactant into lignocellulose enzymatic
degradation for biofuels and other biochemical production and the
dominated biosorbent for trace metal remediation.

4. Conclusion
This study characterized the more than 20% extractable green pro-

teins of Amaranthus retroflexus L. plants consisting of diverse biological
process enzymes, which dually act as universal biosurfactant and
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dominated biosorbent respectively for cost-effective lignocellulose
enzymatic saccharification and green-like trace metal remediation at
large scale. Based on integrated protein profiling and chemical analysis,
this study further demonstrated that the extractable green proteins
could either effectively block lignin to release active cellulases for
enhancing enzymatic degradation of all distinct lignocellulose sub-
strates examined in eight grassy and woody plants or interact with
multiple trace metals via various chemical bonds for rising trace metal
adsorption capacity. Hence, this study has proposed a novel strategy not
only for low-costly lignocellulose utilization of all crop straws and tree
residues, but also for high-efficient trace metal remediation of polluted
farming lands under a green-like manner.
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