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Abstract

Background: Tissue heterogeneity significantly influences the overall saccharification efficiency of plant biomass.
However, the mechanisms of specific organ or tissue recalcitrance to enzymatic deconstruction are generally com-
plicated and unclear. A multidimensional analysis of the anatomical fraction from 12 corn cultivars was conducted to
understand the essence of recalcitrance.

Results: The results showed that leaf, leaf sheath, stem pith and stem rind of corn straw exhibited remarkable hetero-
geneity in chemical composition, physical structure and cell type, which resulted in the different saccharification ratio
of cellulose. The high saccharification ratio ranging from 21.47 to 38.96% was in stem pith, whereas the low saccharifi-
cation ratio ranging from 17.1 to 27.43% was in leaf sheath. High values of lignin, hemicelluloses, degree of polymeri-

zation and crystallinity index were critical for the increased recalcitrance, while high value of neutral detergent soluble

the biomass conversion.

and pore size generated weak recalcitrance. Interestingly, pore traits of cell wall, especial for microcosmic interface
structure, seemed to be a crucial factor that correlated to cellulase adsorption and further affected saccharification.

Conclusions: Highly heterogeneity in cell wall traits influenced the overall saccharification efficiency of biomass.
Furthermore, the holistic outlook of cell wall interface was indispensable to understand the recalcitrance and promote
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Background

Governments and energy corporations around the world
are actively boosting the efficient utilization of abundant,
renewable and bio-degradable feedstocks, due to the
exhaustion of fossil resources and the severe environmen-
tal pollution [1]. The output of lignocellulosic biomass
can reach 181.5 billion tonnes annually [2]. Lignocellu-
losic biomass refers to the biological feedstocks, mainly
including agricultural products, forestry wastes, and
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industrial residues. These feedstocks can be potentially
converted to bioenergy, biochemicals and other bioprod-
ucts based on the biorefinery [3]. An integrated biorefin-
ery is a sustainable facility involving in various physical,
thermochemical and biochemical approaches, etc. [4]. It
is largely acknowledged that saccharification of cellulose
with economic competitiveness is deemed as one of the
core requirements in biomass-based biorefinery.
Enzyme-catalyzed saccharification of cellulose is the
most optimal approach, yet, the efficiency in this process
is commonly hampered by various factors. Series of phys-
ical and chemical factors that hinder the enzymatic sac-
charification of cellulose are deemed as “recalcitrance’,
which is referred as (but are not limited to) composi-
tion (consisting of cellulose, lignin, hemicelluloses and
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pectin), polymer properties (such as lignin monomer
components, cellulose crystalline index and degree of
polymerization), and interactive network among these
polymers [5]. Assessing and destroying the recalcitrance
are prerequisite to circumvent the technical and eco-
nomic obstacle in recent circular bioeconomy.

Plant biomass has evolved various functional and mor-
phological fractions involving in complicated constitu-
ents and structures, which is named as “heterogeneity”. In
terms of hemicelluloses and lignin, the amount, distribu-
tion and their decoration pattern add complexity to the
origins and tissues of plant biomass [6]. Crowe also indi-
cates lignin content commonly exhibits a negative cor-
relation with saccharification ratios, yet, is not the sole
contributor to recalcitrance of switchgrass [7]. Thus, a
consensus can be reached that the high heterogeneity of
plant biomass leads to the significant complexity of recal-
citrance, which further influences the overall conversion
efficiency of plant biomass. A further complication is
that the complexity commonly causes empirically imple-
mented enzymatic saccharification process and drastic
pretreatment for recalcitrance more than necessary [8].
Hence, this immense heterogeneity is considered as the
chief reason why the precise mechanisms of recalcitrance
are still ambiguous and also closely influence the optimal
choice of pretreatment and enzymatic hydrolysis strat-
egy. Additionally, it is seemingly difficult to systematically
compare these qualities to evaluate the intrinsic recalci-
trance among different feedstocks due to the heterogene-
ity, especially for different studies.

Dried plant biomass is primarily composed of cell wall.
The essence of enzymatic saccharification is the hydroly-
sis of cellulose in cell wall [9]. The enzymatic saccharifi-
cation correlates to the properties of cell wall including
the relative abundances of composition, fine propor-
tion, their interconnecting among different matrices and
multiple structures [10]. The basic types of cells among
various plants are overall similar. Varied behaviors of dif-
ferent cell types in enzymatic hydrolysis reflect the tis-
sue-specific recalcitrance that influenced by the nature
of cell wall [11, 12]. Thus, comprehending the resistant
factors with viewpoint of cell wall might provide a deep
insight into the recalcitrance of plant biomass. Allow-
ing the enzyme access to the cell wall is the primary step
in enzymatic hydrolysis of cellulose, which significantly
influences the latter saccharification process [13]. How-
ever, the susceptibility of different cell wall, especially the
accessibility of bio-interface to enzyme is still unclear.

Corn is the main agricultural crop on the earth. Corn
straw (CS) is the main residue of corn. Based on the
desirable agronomic and biochemical properties in terms
of high biomass yield and cellulose content, and C4 car-
bon fixation, CS has attracted huge attention among
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researchers for biomass biorefinery. From visual angle, it
is easily found that leaf, leaf sheath, stem rind and stem
pith have different morphologies. Thus, CS is especially
suitable model to clarify tissue-specific recalcitrance for
its greater diversity of cells than other plant biomass.
Although enzymatic saccharification of cellulose from
CS has been studied by many researchers, little investiga-
tion concerning the relevance of enzymatic saccharifica-
tion to heterogeneity in composition and architecture of
specific organs or tissues has been reported. In an effort
to clarify the fundamental knowledge about origins of
recalcitrance, enzymatic saccharification and physical—
chemical properties of cell wall in corn cultivars with dif-
ferent macroscopic phenotypes were determined. And
the relationship between multidimensional properties
of cell wall and the enzymatic digestibility of cellulose
were discussed. This paper focused on understanding the
recalcitrance of cell wall interface, which will also help
in selecting of corn varieties with improved biorefining
capabilities and setting downstream pretreatment.

Results and discussion

Saccharification performance

The 144 saccharification ratio values of the four anatomi-
cal fractions from 12 corn cultivars were used to gener-
ate a heat map contained in a matrix with legend color
bar. Dendrograms were selected to describe the similarity
between clusters. Hierarchical clustering analysis con-
firmed the initial idea that some cultivars necessarily had
a comparable performance in saccharification (Fig. 1).
Additionally, there were no obvious correlations between
the saccharification ratio and the macroscopic pheno-
types of corn straw such as height, dry weight, etc. The
general varying patterns for saccharification ratio among
the same fraction within the different cultivar was similar,
suggesting that biomass saccharification obviously corre-
lated to the specific organs or tissues (Fig. 2). The highest
saccharification ratio was obtained from stem pith, and
followed by leaf, stem rind and leaf sheath in sequence,
despite the difference between the stem pith and leaf was
not significant. Specially, the saccharification ratio of
stem pith ranged from 21.47 to 38.96%, whereas it ranged
from 17.1 to 27.43% among leaf sheath.

Enzymatic digestibility expressed as saccharification
ratio can be used to reflect the recalcitrance. Higher
enzymatic digestibility indicates weaker recalcitrance
[14]. The outermost leaf sheath was the most recalcitrant
fraction, and followed by the stem rind. The leaf was the
least recalcitrant fraction except for the stem pith. Hence,
recalcitrance exhibited obvious heterogeneity among
organs or tissues. Li also reports that different fractions
of sorghum with structural or chemical variations gen-
erate special recalcitrance [15]. This lack of agreement
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Fig. 1 The cluster heatmap of saccharification ratios ofdlfferent fractions from 12 corn cultivars. The selected fractions were leaf, leaf sheath, stem
rind and stem pith, respectively. The color legend of dark purple to light purple representing saccharification ratios were automatically generated at
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Fig. 2 Saccharification ratios of different fractions from 12 corn
cultivars. One-way ANOVA were carried out among various fractions.
**Represented P<0.01

about recalcitrance of leaf, leaf sheath, stem rind and
stem pith indicated the complication of cell wall assem-
bly, which might further translate dictate recalcitrance of
cell wall to sugar production. Saccharification of cellulose
is an enzymatic hydrolysis of cell wall in plant, exhibiting
as glucose release from cellulose. Thus, the relationships
between the enzymatic digestibility and physiochemical
characteristics of cell wall were analyzed.

Associations between cell wall properties and their impact
on enzymatic digestibility

Representative DK and YH were chosen to the further
study, because they were expected to exhibit extreme
and contrasting phenotypes. DK had the highest bio-
mass and height among the 12 cultivars, yet, YH repre-
sented the opposite phenotypes (the lowest biomass and
height). Physical-chemical properties were determined
for each leaf, leaf sheath, stem rind and stem pith, and
used to evaluate the relationship between cell wall and
recalcitrance. The values of enzymatic digestibility were
different for the stem pith and stem rind across DK and
YH, yet similar for the leaf sheath (Additional file 3:
Table S2). Overall, enzymatic digestibility of leaf, stem
rind and stem pith were significantly higher in DK than
in YH (P<0.01). Detailed information concerning the
different physical-chemical properties and significance
analysis is provided in Tables 1 and 2. The general vary-
ing patterns for physical-chemical properties within the
same anatomical fraction were similar. The crystallin-
ity index, degree of polymerization, and ash values were
higher in stem rind and leaf sheath than in stem pith
and leaf. Leaf sheath showed the least content of NDS,
whereas leaf contained the highest content of NDS, due
to the large amounts of soluble sugars and protein. Simi-
lar trend is also observed in sorghum stem [16]. Higher
crystallite dimension and DB/DO ratios were in stem
pith or leaf. Moreover, higher cellulose, hemicelluloses
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Table 1 Physical-chemical properties for four anatomical fractions of various DK 301 samples
Fraction Physical properties Chemical properties

Crl DP CD (hm) DO/DB Cel (%) NDS (%) H-Cel (%) Lig (%) Ash (%)
Leaf 23.894092° 4744241074 17704£170°  084+0015° 39764108  21704120° 27204156 79940.12° 32340.12°
Leaf sheath 36.18+0051°  74639+046°  14.194+004°  0744001° 3508+031° 46840.50°  41424£050°  1623+0478°  2.25+0.090°
Stem rind 42064097 761.754£1022° 10104080  1.29+0.02° 45654031 15284052° 207741265 13884039  4.18+0.066°
Stem pith 235740272 351.764£266° 186540657  1.73+001° 40794004  1471£117°  3351+1.10° 75440112 25240129
The data labeled by the different superscripts (a—d) within the same column were different from each other (P <0.05)
Table 2 Physical-chemical properties for four anatomical fractions of various YH 2 samples
Fraction Physical properties Chemical properties

Crl DP CD (nm) DO/DB Cel (%) NDS (%) H-Cel (%) Lig (%) Ash (%)
Leaf 44354168 726824289 19804040°  1.30+£00058  26.14+081° 19804 1.05° 31744074 20594+193* 1694024
Leaf sheath 3554+40.13° 706024£049° 1385+035°  073400058°  36.81+0.15° 528+057° 37364£1.03°  15194076° 528+0.049°
Stem rind 553940.12° 1124754266 10154035  083+001° 31574£1.18° 116440085 23794059  26444+182° 62740035
Stem pith 33964 1.76° 457014390° 13504050°  1.7040.01¢ 2973+1.16%  165341.43¢ 29024199%  21654062° 227400319

The data labeled by the different superscripts (a-d) within the same column were different from each other (P<0.05)

Ash L
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Fig. 3 Correlation analysis between biomass properties and
enzymatic digestibility for DK 301 and YH 2

and lignin values were in stem rind or leaf sheath. The
collective data confirmed that characteristics of cell wall
from different organs or tissues were related to the varied
recalcitrance.

A correlation matrix was performed to evaluate how
the recalcitrance was associated with cell wall properties
(Fig. 3). The results showed that the contents of cellu-
lose and NDS positively impacted the enzymatic digest-
ibility. The positive effect of cellulose is not surprising
for it probably reflected a greater availability of substrate
for enzymatic hydrolysis. Although NDS might inter-
act with hemicellulose and lignin to influence the enzy-
matic digestibility of cellulose, higher content of NDS
commonly indicated the lower relative content of other

relative recalcitrance [17]. The influences of ash and crys-
tallite dimension among the subset of samples on enzy-
matic digestibility were not statistically significant. The
negative impact of lignin, degree of polymerization and
crystallinity index values on enzymatic hydrolysis were in
accordance with the recalcitrance model reported in the
previous literature [18, 19]. The negative impact of hemi-
celluloses was not statistically significant. Because, the
physical barriers of hemicelluloses to block cellulose is
highly correlated to the ultrastructure of cellulose espe-
cially for the accessibility of cellulose surface [20]. Addi-
tionally, the leaf sheath had intermediate lignin content
and crystallinity index compared to the other tissues yet
the lowest DO/DB ratio and digestibility, suggesting the
DO/DB ratio had a positive effect on enzymatic digest-
ibility. The DO/DB ratio determined by Simon’s staining
can be used to describe the relative interior and exterior
accessibility of pore [21]. Enzyme accesses to the cellu-
lose core needs to be in intimate and prolonged contact
[22]. Pore properties involving in volume, specific sur-
face, tortuosity, size and fractal dimension might all affect
accessibility of cellulose. Thus, pore characteristics and
size distribution of various samples were determined.

Desirable pore traits of cell wall for enzymatic digestibility
Generally, the leaf had the highest average pore diam-
eter, whereas the stem pith had the highest total pore
area and porosity (Table 3). These results were signifi-
cantly positively correlated with enzymatic digestibility,
indicating that higher pore size and more pore number
could facilitate enzymatic hydrolysis. Differential intru-
sion volume vs. diameter was also plotted (Fig. 4). The
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Table 3 Porous parameters of four anatomical fractions for DK 301 and YH 2
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Cultivar Fraction Total volume (mL/g) Total pore area (mzlg) Average pore diameter Porosity (%)
(nm):
DK 301 Leaf 3.82 1.53 10,002.15 84.18
Leaf sheath 1.92 294 2614.89 7133
Stem rind 220 265 3330.04 7740
Stem pith 572 335 6825.19 88.25
YH 1 Leaf 413 2.36 7009.25 84.85
Leaf sheath 1.83 243 3010.86 72.88
Stem rind 1.75 222 3140.22 7130
Stem pith 991 6.33 6263.86 90.00
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Fig. 4 Pore size distribution of different fractions for DK301 and YH 2. Black square represented stem rind. White square represented leaf sheath.
Black dot represented leaf. White dot represented stem pith

pore size distribution trends of DK and YH were similar.
The different pore especially for the class correspond-
ing to the pore size ranging from 5 to 15 nm obviously
correlated to the enzymatic digestibility. Plant biomass
can be deemed as special porous material, consisting of
highly ordered porous structure at various levels, such
as cell lumen, inter-cellular spaces, pit in cell wall, and
space among chemical polymers. Arantes suggests that
pore size distribution is mainly responsible for the effi-
ciency of enzymatic hydrolysis [23]. Sun suggests that the
specific structure of pore not the pore volume impacts
the efficiency of enzymatic hydrolysis [24]. A large frac-
tion of the pore volume might be ascribed to pores with
small size. Pores with size bigger than 5.1 nm are suffi-
cient for accessibility of cellulase, but small pores might
resist mass transfer, thus hindering enzymatic hydrolysis
[25]. In sum, catalytic cleavage of the cellulose was not
the actual rate-limiting step, but rather the limited acces-
sibility of the cellulose chains to the enzyme within the

substrate. Pore size instead of volume could accurately
represent the relationship between the porous structure
and accessibility of the cellulose.

Morphology variation and cellulase adsorption

The labeled cellulase with the specific function of rec-
ognizing and adsorbing on cellulose was selected to
observe the cellulase adsorption of different cell wall.
The imaging results displayed that all the fractions of
CS gave the complete structure after sectioning, except
for the leaf sheath (Fig. 5). The transverse view exhib-
ited the typical tissue structure of monocotyledons
consisting of parenchyma cells and scattered vascu-
lar bundles. Parenchyma cells accounted for the half
of stem rind and stem pith roughly. Additionally, leaf
constituted of the mesophyll, vascular bundles and
epidermal cells. Chemical mapping of chromophores
on both the surface and inner fractions of cell wall
was revealed by CLSM. The red fluorescence emission
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of DyLight-labeled enzyme was not affected by blue
lignin autofluorescence. The variations of red fluores-
cence from the same fraction of DK or YH were simi-
lar, yet significant different within different fractions of
the same cultivar. Precisely, the labeled cellulase inter-
acted with the surface at or within cell wall of stem pith
strongly, yet very weakly in the leaf sheath. The labeled
cellulase was bound to the mesophyll and vascular bun-
dles distinctly but not to the adjacent epidermal cells in
leaf. Epidermal cells with special structure encrusted
with waxes and cutin mainly envelop leaves, stem rind
and leaf sheath. The cuticle is overlaid by wax deposits
that play a role in resistance to microbes and insects,
and water retention in the nature [26]. Thus, dermal

cells provided rigidity, which was significantly resistant
to enzyme adsorption.

From the view of plant anatomy, vascular bundles sur-
rounding sclerenchyma tissue often have thickened and
lignified secondary walls, whereas parenchyma cells
only have primary walls and commonly do not have lig-
nified secondary walls. Interestingly, more cellulase was
adsorbed on the highly lignified vascular bundles than
the less lignified parenchyma in the stem pith. However,
Ding reports that general digestibility is significantly
negatively correlated with lignin content of cell wall [27].
This might be caused by the non-productive binding of
lignin in vascular bundles. Donaldson shows a moder-
ate correlation between the enzyme adsorption and the
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cell wall histochemistry [28]. Our previous results also
demonstrate that the lignin distribution, and interactions
between lignin and cellulose could reduce the digest-
ibility of cellulose [29]. These results revealed that the
complicated physical-chemical properties of cell wall
interface and its inter-relationship significantly affected
the rankings of cellulase adsorption and also correlated
to recalcitrance. The recalcitrance of sugar cane becomes
weak gradually from the outer to the inner fractions [30].
Recalcitrance of cell wall in Miscanthus correlates to the
tissue-specific distribution of lignin and development
stage [31]. The heterogeneity of plant biomass highly
depended on their origin, organ type, tissue trait, cell wall
architecture, monomer composition, chemical bonds, its
stage of development, etc., which further caused hetero-
geneity of the recalcitrance. Multiple architectures of cell
wall, especially for the interface made the glycosyl hydro-
lase more difficult attack the plant cell wall. To under-
stand the recalcitrance at cell wall interface might be the
vital step for the selections of pretreatment conditions
and enzymatic hydrolysis strategies.

Conclusions

The compiled data revealed that the heterogeneity in
structure and physicochemical properties of cell wall
were distinct among organs or tissues of CS, and signifi-
cantly correlated to the recalcitrance. Critical factors of
cell wall had obvious impacts on cellulase adsorption that
furthermore determined enzymatic digestion. Among a
set of variables, pore size was shown as the predominant
factor that affected the access of cellulase to polysaccha-
rides within the cell wall. Thus, a holistic view of micro-
scopic interface of cell wall was proposed, considering
that concrete variable have interactive impacts on cellu-
lase adsorption depending on overall interface structure
assembly. Furthermore, a combination of many variables
might contribute to saccharification efficiency, indicating
that biorefineries should be the optimal choice to better
exploit heterogeneity and optimize biomass flows.

Methods

Materials

Twelve corn (Zea mays L.) cultivars with different mac-
roscopic phenotypes including dry weight, height and
diameter were grown in experimental field of Helin,
Inner Mongolia, China (Additional file 2: Table S1). The
total aboveground biomass was harvested for this experi-
ment when it was mature. The fresh corn straw without
internode was selectively separated into four anatomical
fraction including leaf, leaf sheath, stem rind and stem
pith by hand, based on their macroscopic appearance
and function (Additional file 1: Figure S1). After that the
sample was washed by tap water and air dried. The tested
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samples were random mixed for sampling uniformity and
further divided into two fractions for different analysis
requirement. One fraction was ground to powder with
size ranging from 0.84 to 0.42 mm through high-speed
rotary cutting mill (BJ-300A, Baijie, China). The other
fraction was sectioned and used for microscopy. Based
on the results of saccharification ratio, the DK and YH
were selected for the further physical-chemical analysis
of cell wall. Cellulase (Trichoderma viride G) was bought
from Shanghai Yuanye Co., Ltd. The activity of cellulase
presenting a filter paper unit of 110.2 U/g was obtained
following the classic procedure described by Ghose [32].
Cellulases (Trichoderma reesei ATCC 26,921) bought
from Sigma-Aldrich and labeled DyLight 633™ provided
by Thermo Fisher were used for cell wall staining. Direct
Blue 1 (Pontamine Fast Sky Blue 6BX) and Direct Orange
15 (Pontamine Fast Orange 6RN) dyes were obtained
from Pylam Products Co. Inc. (Garden City, NY). All
other reagents were analytic grade and obtained from
Shengkang Biotechnology Company (Huhhot, China)
unless otherwise noted.

Assessment of enzymatic digestibility

Enzymatic digestibility was determined via cellulase-
mediated hydrolysis and quantitation of reducing sugars
generated from cellulose and hemicelluloses. The enzy-
matic hydrolysis was performed in 50 mM sodium cit-
rate (pH 4.8) with solid consistency of 5% (w/w), enzyme
loading of 20 FPU/g and at 50 ©C for 48 h. The reducing
sugars were assayed according to the 3,5-dinitrosalicylic
acid method described by Miller [33, 34]:

Saccharification ratio (%) = (mg X 100)/(m]_[ _cel + Mcel),

(1)

where m, represented amount (g) of the generated reduc-

ing sugars during enzymatic hydrolysis, and -, and

mc, represented weight of hemicelluloses and cellulose
in the tested sample (g), respectively.

Chemical composition analysis

Chemical characterization analysis was performed
according to a protocol recommended by Van Soest [35].
Various dry samples were treated by neutral buffered
detergent solution, hydrochloric acid (2 M) and sulfu-
ric acid (7.34 M) to determine neutral detergent fiber
(NDF), acid detergent fiber (ADF), and acid detergent
lignin (ADL) in sequence. The ash content was assayed
by heating the ADL at 550 °C for 180 min. The contents
of neutral detergent soluble (NDS), hemicelluloses, cel-
lulose, and lignin were calculated by subtracting the cor-
responding values from the initial dry weight, NDF, ADF,
ADL and ash fractions in sequence.
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Crystallinity analysis

Powder X-ray diffractometer (X'Pert PRO, PANalytical,
Netherlands) was used to measure the Segal crystallin-
ity index (CrI) and crystallite dimension (CD). Scans
were performed in triplicate at 1°/min from 5° to 40° 26
with a step size of 0.02°. The Crl was calculated from
the XRD patterns based on the empirical peak-height
method (Eq. 2) [36]. The dimensions of the crystallites
in various samples were determined through Scherrer
method (Eq. 3):

Crl = (total — Iamor)/ltotal‘ (2)

Lot Was the diffraction intensity of major peak at 20
between 22° and 23° for cellulose Ip. I, ., was the diffrac-
tion intensity of the minima between the major peak and
secondary peaks.

T = (K x 4)/(B x cosB), (3)

where K was a constant value of 0.94; A was the X-ray
wavelength of 0.1542 nm; 3 was peak width of diffraction
band at the half maximum height; 7 represented the crys-
tallite dimension; and 6 was the Bragg angle fitted from
the major peak by Inc Jade 6.5 software.

Degree of polymerization determination

Dry powders were extracted by 4 M KOH solution
containing sodium borohydride (1.0 mg/mL) at 25 °C
for 1 h, with solid-to-liquid ratio of 1:10. After being
extracted for repeated twice, the alkaline slurry was
further washed by distilled water and extracted with
10 mL 8% NaClO, solution (containing 1.5% glacial
acetic acid) at 25 °C for 1 h to obtain crude cellulose.
The degree of polymerization of the crude cellulose
was determined by an Ubbelohde viscosity meter with
the modified viscosity method at ambient temperature
(around 25 °C) [37].

Simons’ stain

The overall porosity was measured by Simons’ stain
[38]. The DB and DO dyes using the same amount
of 10 mg/ml were mixed with the ratio of 1:1. Pre-
cisely 0.1 g of dry powders and increasing volumes of
the mixed dye solutions (0.25, 0.5, 0.75, 1.00, 1.50 ml)
were added into the centrifuge tubes. Phosphate buff-
ered saline solution (pH 6, 0.2 M PO,, 1.40 M NaCl)
was added into each tube to make the final volume up
to 10 mL. After incubating at 70 °C for 6 h with gen-
tle shaking, the tubes were centrifuged at 6200xg for
10 min. The absorbance of the supernatant solution in
the tube was measured at the maximum wave length of
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455 nm and 624 nm for DO and DB, respectively. The
dye adsorption isotherm was determined to calculate
the maximum DB and DY dyes.

Determination of porous parameters of corn straw

The porous parameters of various samples were evaluated
by mercury porosimeter (AutoPore IV 9500, Micromerit-
ics Instrument Corporation, USA), with a contact angle
of 130° and pressure ranging 1x 10! to 6.1 x 10* psia.
Intrusion pressure was directly converted to the relevant
pore size through the Washburn equation [39].

Sectioning and cellulase labeling

To visualize the enzyme adsorption, pieces (around
5 mm) were cut from the middle portion of each fresh
sample and embedded by tissue freezing medium (Leica,
4 fl) under — 20 °C. The transverse slices (8 pum in thick-
ness) of different samples were prepared using Leica
cryostat (Leica, RM2015) for confocal laser scanning
microscopy (CLSM, LSM-710, ZEISS, Germany). The
cellulase labeling procedure was carried out as the man-
ufacturer’s instructions adopted by Donaldson with a
slight modification [28]. Concretely, the freeze-dried cel-
lulase powder was dissolved in borate-phosphate buft-
ered saline (0.05 M, pH 7.5) and mixed with DyLight
633" in the tube covered with aluminum foil at ambient
temperature (around 25 °C) for 60 min, with gentle shak-
ing [40]. And then the mixture was passed through the
supplied resin and centrifuged multiple times (6200xg,
15 min) to separate the unlabeled fluorophore. The puri-
fied labeled cellulase was kept at 4 °C avoiding light. Cel-
lulase (the given average molecular weight of 65 kDa),
with fluorophore-to-protein molar ratio of 7.48:1, was
used to label the section of samples for 60 min. The distri-
bution of the label cellulase on cell wall was described by
CLSM, using the identical instrument settings: 10 x /1.40
NA Plan-Apochromatic objective lens, pinhole size of 1
AU, 405 nm and 633 nm sequential excitation, and 410-
480 nm (blue lignin autofluorescence), and 650—750 (red
DyLight 633™ labeled cellulase fluorescence) emission.
Lignin fluorescence and labeled enzyme were visualized
by sequential excitation, without any significant bleed-
through of signals. All images were shown under the uni-
form condition with optimal intensity.

Statistical analysis

Heat map and dendrogram were plotted using the origi-
nal “heatmap” function shipped with R installation, based
on the hierarchical clustering results of saccharification
ratio. Biological triplicates were selected for each corn
cultivar. Chemical and physical analysis was carried out
in technical triplicates to ensure reproducibility. The
data were expressed as the mean of triplicates & standard
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deviation (SD). Statistical analysis was carried out using
the SPSS statistical software with one-way ANOVA. The
results were considered statistically significant, when
P value of the differences was lower than 5% at the 95%
confidence interval.
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