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Abstract
Duckweeds are the smallest free-floating aquatic monocots. They have a unique cell wall containing pectin polymers named
apiogalacturonan and xylogalacturonan. Knowing that the cell wall composition is essential for duckweeds as a bioenergy
feedstock, notably ethanol production, this work reports the five duckweed species’ (Spirodela polyrhiza, Landoltia punctata,
Lemna gibba, Wolffiella caudata, and Wolffia borealis) composition and saccharification potential. Nonstructural carbohydrates
were, on average, 42% of the dry weight. The cell wall comprises 20.1% pectin and glucomannan, 35.2% hemicelluloses, 30%
cellulose, and 5% lignin, and the fermentable sugars in duckweed walls are glucose, galactose, and xylose. Together, these
monosaccharides constitute 51.4% of the cell wall. Duckweeds displayed low recalcitrance to hydrolysis, probably due to the low
lignin and cellulose contents. Furthermore, the saccharification of the duckweeds was higher than sugarcane, a primary
bioethanol feedstock. Results indicate that duckweed biomass displays a high potential as a feedstock for bioethanol production.
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Introduction

Carbon emissions from fossil fuels contribute to global
warming, demanding sustainable energy resources [1]. One
of the leading renewable fuel options is ethanol, produced
from various feedstocks [2, 3]. The first-generation (1G) eth-
anol is produced from starch or sucrose, whereas the second-
generation (2G) ethanol is produced from biomass. Sugarcane
(Saccharum sp.), sugar beet (Beta vulgaris), and maize (Zea
mays) are by far the most employed for 1G production [3].
Each crop has its features and production capacity technolo-
gies. For Brazil, sugarcane is essential, since it is the largest
producer and ethanol is the second worldwide producer with
30.3 billion/liters/year [4].

On the other hand, the lignocellulosic material used for 2G
is divided into agro-industrial residues (for example, sugar-
cane bagasse and straw, corn stover, rice straw, wheat straw,
cassava pulp, and palm residues), as well as eucalyptus, fast-
growing legume trees (e.g., Leucaena), fast-growing grasses
(e.g., elephant grass - Pennisetum purpureum, switchgrass -
Panicum virgatum, poplar, willow, and Miscanthus), and
some other crops as alfalfa, hemp, soybean, and water hya-
cinth [5]. However, the characteristics of the lignocellulosic
material and the demand for cultivation areas are still prob-
lematic. One barrier for the 2G ethanol production is the re-
calcitrance, that limits cell wall cell wall polymers hydrolysis.
Biomass requires a pretreatment to disrupt cell walls and ac-
cess fermentable sugars for conversion [6]. The crop recalci-
trance steams from the cell wall polymer (cellulose, hemicel-
lulose, pectin, and lignin) features and interactions [5, 7, 8]. It
is known that pectin structure and assembly could negatively
impact the biomass saccharification due to the lack of ferment-
able sugars [9]. High hemicellulose levels prevent biomass
saccharification due to polymers interlinking [7], especially
arabinoxylans and xyloglucans, and their interaction with cel-
lulose [8]. Moreover, cellulose microfibrils’ crystallinity can
be a limiting factor for cellulases penetration into biomass [7].
Thus, understanding cell wall composition and structure tends
to allow more cost-effective approaches to bioethanol
production.
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Cell wall polysaccharides are arranged in a complex assem-
bly of polymers, displaying different architectural features de-
pending on the taxonomic group [10]. The plant cell wall is
encrypted as a Glycomic Code, forming a complex of an
encoded mixture of proteins, phenolic compounds, and poly-
saccharides [11]. The plant cell wall usually displays three
carbohydrate domains: cellulose, hemicelluloses, and pectins,
whose proportions and composition characterize its primary
wall type [10]. Many bioenergy crops display a type II cell
wall, in which the pectin domain is reduced along with the
predominance of the hemicellulose arabinoxylan and its cross-
linkings with ferulic acids and lignin. The grasses contain
another type of hemicellulose, the mixed linkage β-glucan
[3], a polymer that is quite suitable for bioenergy purposes
as its hydrolysis produces glucose only. Alternatively, mono-
cotyledons may also display a type I cell wall with more pec-
tins, xyloglucan, and show a higher hexose:pentose ratio [10].

Cellulose is composed of β-1,4-linked glucosyl residues
whose polymers form microfibrils [12]. Hemicelluloses are
β-1,4-linked polymers that may be decorated with different
branching residues. The main hemicelluloses found in
nature—particularly in bioenergy feedstocks—are
xyloglucans, arabinoxylans, and (galacto- or gluco-) man-
nans [3, 10, 13]. Pectins are arranged as a network of com-
plex polymers composed of a main acid chain of
galacturonic acids, interspaced or not by rhamnose residues.
The latter may be branched with short chains of galactans
and/or arabinans displaying various glycosidic linkages
[14, 15].

Duckweeds are small plants that display high productivity
(up to 100-ton dry matter ha−1 year−1), fast growth and starch
accumulation, high contents of fermentable sugars, low levels
of lignin, no land requirement, cultivation associated with
wastewater treatment, and easy manipulation [16–18]. In
duckweeds, xylo- or apiogalacturonans may appear as the
main component of the wall in specific taxonomic groups
[14].

Duckweeds are free-floating aquatic plants categorized as
non-commelinid monocots into Lemnoideae (Spirodela,
Lemna, Landoltia) and Wolffioideae (Wolffiella and Wolffia)
[19, 20]. Their biomass has been chemically characterized,
possessing 17–35% of carbohydrates, 16–42% of crude pro-
tein, 9–16% of crude fiber, 5–9% of lipids, and 21–38% starch
[18, 21, 22]. Concerning the cell wall, duckweeds are believed
to display pectin-rich walls containing relatively low hemicel-
luloses (xylan, xyloglucan, and glucomannan) and lignin [14,
18, 23, 24]. Differently from the bioenergy crops, the cell wall
may be classified as type I.

Duckweeds are a promising source of bioenergy, especially
for 1G [25]. Indeed, 1G ethanol has been produced from
Lemna minor and Landoltia punctata at a low scale [21] with
a fermentation efficiency of 93% [23, 26]. Besides ethanol,
butanol and oil can also be produced from duckweeds

carbohydrates [27, 28]. Although several duckweed species
may be suitable for bioenergy purposes due to their high bio-
mass production potential and no need for land use, there is
still a lack of information about their cell walls’ composition
so that ways of saccharification could be better designed. This
work reports a comparative study of the cell wall composition
and saccharification of five duckweed species to fill this gap.
The high level of nonstructural carbohydrates, together with
less recalcitrant walls, indicated that duckweeds are indeed
quite useful species for both 1G and 2G ethanol production.
For the first time, the high levels of saccharification of duck-
weed’s biomass are reported compared to the golden standard
bioenergetic biomass of sugarcane.

Methodology

Plant Material

Three Lemnoideae species (Spirodela polyrhiza (9509),
Landoltia punctata (7624), Lemna gibba (DWC128)) and
two Wolffioideae species (Wolffiella caudata (9139) and
Wolffia borealis (9144)) were obtained from the collection
Rutgers Duckweed Stock Corporation (RDSC) (New Jersey,
USA). The plants were cultivated in a growth chamber
(EL011, ELETROlab®– São Paulo, Brazil) in 1L
Erlenmeyer with 400 mL of ½ Schenk-Hildebrandt medium
(pH 6.5) with 0.5% of sucrose at 25 °C with a photoperiod of
16 h of light (500 μmoles photons m−2 s−1) and 80% humidity
for 21 days. The cultivated plants were frozen in liquid nitro-
gen, freeze-dried, and pulverized for cell wall evaluation.
Sugarcane culms (Saccharum spp. cv. SP80-3280) were used
for comparison. The sugarcane plants were grown on the field
for 12 months in Piracicaba, São Paulo, Brazil (S 22° 43′
07.9″, W 47 °C 41′ 91.7″), manually harvested, dried, and
ball-milled.

Cell Wall Isolation

One gram of pulverized biomass from duckweed was ex-
tracted five times, with 25 mL of 80% ethanol at 80 °C
for 20 min. The supernatants containing soluble com-
pounds were discarded after centrifugation at 3220g for
10 min at room temperature, and the alcohol insoluble
residue (AIR) acquired was dried at 45 °C. AIR was treat-
ed with 120 U/mL of α-amylase (E.C. 3.2.1.1) from
Bacillus licheniformis (Megazyme®) at 75 °C for 1 h to
solubilize starch [29]. The de-starched AIR (cell wall)
recovered was washed three times, with 25 mL of ethanol
80% and dried at 45 °C [15]. Five hundred milligrams of
sugarcane milled-culms were extracted six times with 25
mL of 80% ethanol at 80 °C for 20 min, and the AIR was
recovered and dried as described for duckweeds [30].
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Cell Wall Fractionation

The duckweed cell walls were fractionated in subsequent ex-
tractions following De Souza et al. [30]. De-starched AIR was
extracted four times with 25 mL of ammonium oxalate (pH
7.0) at 80 °C for 1 h with continuous stirring for pectin solu-
bilization. The supernatants were recovered after 10-min cen-
trifugation at 3220g at room temperature, and the oxalate-
extracted cell wall residue was subjected to four extractions
with 25 mL of 4M NaOH containing 3 mg mL−1 sodium
borohydride for 1 h at room temperature with continuous stir-
ring for hemicellulose solubilization. The supernatants of the
extractions of 4M NaOH were neutralized with glacial acetic
acid, and the residue obtained was cellulose. After the pectin
and hemicellulose extractions, the remaining residue was
washed with distilled water to neutral pH and freeze-dried.
The acquired fractions were dialyzed to remove salts, frozen,
and freeze-dried. The cell wall domain yields were obtained
gravimetrically.

Uronic Acid Content Determination

The uronic acid content was determined by the m-
hydroxyphenyl method, as described by Filizetti-Cozi and
Carpita [31]. The cell wall fractions were hydrolyzed two
times, with 1mL of 98% sulfuric acid and 0.5 mL of deionized
water for 10 min each at 4 °C under stirring (500 rpm).
Samples were diluted to 10 mL and centrifuged at 3220g for
10min, at room temperature. To the 400 μL aliquots, 40μL of
4 M sulfamic acid (pH 1.6) and 2.4 mL of 75 nM sodium
tetraborate in sulfuric acid were added. The reactions were
incubated at 100 °C for 20 min and then cooled on ice for
10 min. Then, 80 μL of 0.15 % (w/v) m-hydroxybiphenyl in
0.5% (w/v) sodium hydroxide solution was added and
vortexed and samples were read in 525 nm. The calculation
was based on a standard curve of galacturonic acid with con-
centrations from 0.12 to 2.5 M.

Neutral Monosaccharide Analysis

Cell wall fractions were hydrolyzed with 2 M trifluoroacetic
acid (TFA) for 1 h at 100 °C to analyze pectin- and
hemicellulose-derived monosaccharides. The cellulose frac-
tion was hydrolyzed with 72% sulfuric acid for 30 min at 45
°C followed by dilution to 4% and 1.5 h at 100 °C to further
analyze cellulose-derived glucose. The monosaccharide solu-
tion derived from the TFA hydrolysis was dried under vacu-
um, resuspended in 1 mL of deionized water, and filtered
through a 0.22 μm membrane (Merk Millipore ®). The neu-
tral monosaccharides recovered from acid hydrolysis were
analyzed by high-performance anion-exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD) on a
CarboPac SA10 column (ICS 5,000 system, Dionex-

Thermo®) eluted with 99.2% of water and 0.8% (v/v) sodium
hydroxide (1 mL min−1). The monosaccharides were detected
by pulsed amperometric detection after passing through a
post-column containing 500 mM sodium hydroxide (0.5 mL
min−1). Standard curves of apiose, arabinose, fucose, galac-
tose, glucose, mannose, rhamnose, and xylose were used to
calibrate the equipment.

Lignin Quantification

Duckweed biomass (30 mg) was treated with 1 mL of water,
ethanol, ethanol-chloroform (1:1 v/v), and acetone [32]. The
samples were incubated for 15 min with stirring of 750 rpm at
98 °C, 76 °C, 59 °C, and 54 °C, respectively, for each reagent.
The precipitated material was recovered by centrifugation for
5 min at 14,000g and dried at 80 °C overnight. The lignin
content was determined using the acetyl bromide method
[33], in which 250 μL of 25% acetyl bromide in acetic acid
was added to the dried samples and incubated for 2 h at 50 °C
and 1 h with stirring of 1500 rpm. The samples were cooled in
an ice bath and centrifuged for 15 min at 10,000g. The reac-
tion was stabilized by the addition of 400 μL of 2 M sodium
hydroxide and 75 μL of 0.5 M hydroxylamine hydrochloride.
After the addition of 1425 μL glacial acetic acid and 100 μL
of the acetyl bromide supernatant solution, the absorbance
was read at 280 nm. The lignin measurement was calculated
by Bouguer-Lambert-Beer law (Eq. 1) and corrected by the
cell wall amount used in the assay.

A ¼ ε*c*l ð1Þ
where A= absorbance; ε = 23.35; c = g−1 cm−1; and l = 0.1 cm
[34]

Saccharification

For saccharification determination, 10 mg of duckweed pul-
verized biomass and sugarcane culmAIRwas pre-treated with
0.5 mL NaOH for 30 min at 90 °C and washed 3 times with 1
mL of sodium acetate (pH 4.5). To the treated material, 1.6
mL of Cellic Ctec2 (Novozymes®) enzymatic cocktail con-
taining 120 U mL−1 in 25 mM sodium acetate buffer (pH 4.3)
was added, followed by incubation at 50 °C for 16 h with
gentle shaking. The determination of the sugars released was
performed using 3-methyl-2-benzothiazolinone hydrazone
(MBTH), as described by Gomez et al. [35]. The reducing
sugar was analyzed with 0.25 M NaOH, 3 mg L−1 MBTH,
and 1 mg L−1 DTT. After incubation at 70 °C for 20 min by
adding the oxidizing reagent (0.2% FeNH4(SO4)2, 0.2%
sulfamic acid, and 0.1% HCl), the color was developed, and
the absorbance was measured at 620 nm. The concentration of
reducing sugars released was calculated using a standard
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curve with glucose concentrations of 50, 100, and 150 nmol
mL−1.

Data Analysis

Statistical analysis of the evaluated sugars on the five species
was performed by a one-way ANOVA test (JMP® Statistical
Discovery Software, version 5.0.1, SAS Inc., Cary, NC, USA)
followed to post hoc by Tukey’s test with significance p ≤
0.05 to compare the results among the species. All the assays
were conducted with five replicates (n = 5).

Results

Carbohydrate analyses were conducted for five duckweed
species to assess the distinction among subfamilies regarding
the possible use for bioenergy purposes, focusing on second-
generation bioethanol.

Biomass Composition

Of the total biomass processed in this study, 42.2% were re-
covered as cell wall fractions. The nonstructural carbohydrates
corresponded to 42.1%. The remaining 15.7% of the biomass
was lost (Suppl. Table 1).

Ammonium oxalate (AmnOX) released, on average, as
20.2% of the polysaccharides (Fig. 1). Based on the neu-
tral monosaccharide composition, the polymers possibly
p resen t in th i s f r ac t ion wou ld be pec t in and
glucomannan. Another evidence supporting pectins’ pres-
ence was the detection of uronic acids, which amounted
to 271 μg mg−1 DW in AmnOX fraction (Table 1). The
most abundant neutral monosaccharides were galactose
(23%), arabinose (17.8%), and apiose (15.7%) (Suppl.
Table 2). The level of apiose in the Lemnoideae
(31.6 μg mg−1) was approximately four times higher
than in the Wolffioideae (8 μg mg−1) (Table 1), suggest-
ing the presence of more apiogalacturonan in the former.
In Wolffioideae, the levels of arabinose and xylose were
higher than in Lemnoideae, suggesting the presence of
arabinan and xylogalacturonan. The occurrence and pro-
portion of mannose in the AmnOX fraction could not be
used to distinguish the subfamilies. It was noteworthy
that L. punctata did not follow the pattern of the other
four species.

For the five species, the tightly bound polysaccharides ob-
tained after extraction with 4M NaOH represented, on aver-
age, 35.2% of the cell wall (Fig. 1). This fraction had on its
composition xylose (34.2%), arabinose (20.8%), glucose
(17.6%), galactose (13.2%), mannose (7.6%), and apiose
(4.2%) as main monosaccharides (Table 1).

When the two subfamilies were compared, a higher pro-
portion of arabinose was found in Wolffioideae (Suppl.
Table 2). These results analyzed according to the conclusions
of Sowinski et al. [24] seem to confirm the presence of xylan,
arabinan, and xyloglucan as the main hemicelluloses in duck-
weeds. Furthermore, the results suggested that Wolffioideae
displayed a higher proportion of xylan and arabinan. Also,
L. punctata appeared as an outlier as it displayed a different
pattern from the other Lemnoideae.

The duckweed cell wall residue fraction showed a different
proportion when the studied species were compared (Fig. 1).
S. polyrhiza (29.5%) and W. borealis (32.1%) had the minor
representation of residue based on the cell wall constituents,
whileW. caudata (49.7%), L. gibba (54.5%), and L. punctata
(57.5%) had higher residue proportions (Fig. 1). On average,
the cellulose calculated on the basis of the whole dry biomass
was 14.6%. For the obtention of these fractions’ compositions,
two acid hydrolysis methods were employed. To estimate glu-
cose contents in the non-cellulosic polymers, trifluoroacetic
acid (TFA) was used, whereas sulfuric acid was used to
completely hydrolyze the residue fraction, leading to the pro-
duction of glucose associated with both, hemicelluloses and
cellulose. The subtraction of the glucose present in the TFA-
hydrolyzed from the sulfuric acid–hydrolyzed ones led to the
content of glucose corresponding to cellulose. It was found
that cellulose constituted 73.2% of residue fraction (see glu-
cose on sulfuric acid hydrolysis - 136.7 μg mg−1 CW) (Suppl.
Table 1, Table 1). Lignin in cell walls of the five species of
duckweeds represented ca. 5%, except forW. caudata, which
presented higher (1.3-fold) lignin compared to the other spe-
cies (Fig. 2A).

The use of TFA for hydrolysis of the residue fractions
helped to detect the main non-cellulosic polymers that
remain attached to cellulose during extraction. This is im-
portant because non-cellulosic polymers could prevent the
saccharification of cellulose in duckweed biomass. The
TFA hydrolysis suggested that some pectins (i.e., poly-
mers containing apiose and rhamnose) might be associat-
ed with lignin (Table 1). Also, the remanence of pectins
associated with cellulose in the residue is suggested based
on the detection of uronic acids in the fraction (Table 1—
residue hydrolyzed with TFA). In Lemnoideae, the
apiogalacturonan was a significant component (based on
the detection of apiose) compared to Wolffioideae in
which arabinans, xylans, and xylogalacturonans appeared
to be the most abundant wall components (Table 1 and
Suppl. Table 2).

A relevant factor related to ethanol production from
residual biomass (cell walls) is the percentage of pentoses
in the material. The pentose:hexose ratios of five duck-
weed cell walls were calculated, and the de-starched bio-
mass produced relatively high pentoses, except for
S. polyrhiza (Fig. 2B). The polymers extracted with
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ammonium oxalate and 4M NaOH (Fig. 2B) also had a
considerable amount of pentoses compared to the residue.

Saccharification

Figure 3 shows a comparison of the five species’ saccharifi-
cation of biomass and cell walls studied in this work. This
comparison was also made using sugarcane culm biomass as
a reference.

The duckweeds’ whole biomass displayed higher sacchar-
ification than isolated cell walls (de-starched AIR), probably
due to the nonstructural carbohydrates (starch and soluble
sugars) present in the biomass. The saccharification level of
the whole biomass (light bars - Fig. 3) is the same for the five
species evaluated, while the isolated cell wall saccharification
of the Wolffioideae species rendered less glucose equivalent
residues. Compared to the saccharification of sugarcane cell
walls, these data suggested that duckweeds could be more
suitable for sugar production.

Discussion

Bioethanol can be produced from different biomass feed-
stocks, including grasses and wood species [3]. The 1G
bioethanol technology uses soluble sugars (sucrose, glucose,
and fructose) or starch as a raw material. Alternatively, struc-
tural carbohydrates (cell wall polymers) can also be used as
sources of free sugars giving rise to 2G technologies [36]. In
both cases (1G and 2G), sugars are subsequently subjected to
yeast fermentation [37].

Duckweeds have been considered a promising feedstock
for bioenergy production despite its biomass characteristics

[18, 24]. The present work evaluated five duckweed species
as candidates for 1G and 2G bioethanol production.

Duckweedbiomasshasbeencharacterizedasbeing rich in
carbohydrates (17–51%), especially in pectins (20–33%)
[18, 21, 38]. Carbohydrates corresponded to approximately
80% of the dry mass of the five species of duckweeds (non-
structural carbohydrates and cell wall) evaluated (Suppl.
Table 1). Between 30 and 49% represented nonstructural
carbohydrates (soluble sugars and starch), whereas the cell
walls represented 35–52% of the five species’ dry mass. In
the cell walls, 20% is pectin, 35% is hemicellulose, and 45%
is cellulose plus small proportions of lignin and proteins
(Figs. 1 and 2B). The nonstructural carbohydrates accounted
for ca. 42% of the duckweed biomass, corroborating with
Duff [39], who found 48% in Lemna minor. The differences
between the analyses and the ones in the literature can prob-
ably be attributed to the methodology used. It is well
established that duckweeds can quickly accumulate high
starch levels depending on growth conditions (up to 75%)
[40]. Besides, there is a negative relationship between the
composition of the cell wall, apiose, and starch contents
[15]. Thus, saccharification was carried out in two ways:
using biomass as a substrate, without any treatment, and
using the isolated cell walls (AIR) as a substrate. The idea
was to contemplate duckweed’s potential for use in 1G and
2G ethanol production, respectively. The findings corrobo-
rate previous discoveries of Pagliuso et al. [15], in which
species of the subfamily Wolffioideae, which accumulate
more starch, displayed greater saccharification of non-
treated biomass than the cell wall (compare light and dark
bars in Fig. 3 to W. caudata and W. borealis). Therefore,
W. borealis would be more suitable for 1G than for 2G pro-
duction due to the starch content.

Fig. 1 Comparative cell wall
fractionation yield of Spirodela
polyrhiza, Landoltia punctata,
Lemna gibba, Wolffiella caudata,
and Wolffia borealis. Data are
represented by percentage means
± standard errors (n = 5). Different
letters on top of bars are
statistically significant among
species compared, according to
Tukey’s test (p < 0.05) in each
fractionation extract
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The polysaccharides’ composition, interactions, and link-
ages to lignin confer the biomass’ recalcitrance to the hydro-
lysis [41]. Thus, to produce ethanol, the biomass needs pre-
treatment, which is a process that usually facilitates access to
the cell wall polymers by hydrolases. There are several pre-
treatment procedures [1], which usually lead to higher energy
consumption by the whole process [3]. These are consequent-
ly costly and directly impact efficiency and ethanol yield.
Thus, materials containing lower lignin levels and more solu-
ble polysaccharides—less recalcitrance—would lead to bio-
mass more prone to saccharification implicating in lower costs
for 2G ethanol production.

The findings point out that duckweed biomasses have ad-
vantages compared to other bioenergy crops since it contains
high levels of fermentable sugars [18, 42] and low lignin [43,
44]. Lignin crosslinks polysaccharides and cellulose confers
rigidity to the structure and recalcitrance to plant materials.
The presence of lignin, as well as the composition of its sub-
units and degrees of ester linkages, modulates different wall
architectures and levels of recalcitrance [45]. For example,
lower lignin levels with higher proportions of syringyl/
guaiacyl units increase the release of sugars from the wall,
so that crops with these characteristics are targeted for 2G
ethanol [45]. The lignin contents found for the five species

Fig. 2 Recalcitrance features in
Spirodela polyrhiza, Landoltia
punctata, Lemna gibba,
Wolffiella caudata, and Wolffia
borealis. (A) Lignin content. (B)
Pentose:hexose ratios of the cell
wall monosaccharides. Data are
represented by percentage aver-
age ± standard error. Statistically,
a significant p value was obtained
by ANOVA one-way. Different
letters on the top of the bars are
significant, according to Tukey’s
test (n = 5)
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of duckweed (~ 5%) corroborate the ones described in the
literature (3–12.2%). Because the starting material used for
cell wall extraction was not delignified, the remaining pheno-
lic compounds along with polysaccharides (pectins,
xyloglucan, and arabinan) found within the cellulose fraction
(residue) might be due to lignin interaction, which could be
responsible to some degree for recalcitrance (Table 1, Fig. 2).

One of the classes of polysaccharides found in duckweeds
is pectins. The majority of the polymers are found as
apiogalacturonans and xylogalacturonans, which help distin-
guish between the subfamilies Lemnoideae and Wolffioideae
[14]. Apiogalacturonans cannot be hydrolyzed by pectinases
[46]. This poses a problem for the use of enzyme cocktails in
hydrolysis.

Furthermore, apiose and xylose (Table 1), two of the lead-
ing hydrolysis products of apio- and xylogalacturonans (be-
sides galacturonic acid), are expected to impact ethanol pro-
duction negatively. Apiose and xylose are both pentoses and,
therefore, difficult to be metabolized by yeasts during fermen-
tation [37]. Although xylogalacturonan’s enzymatic hydroly-
sis has not been reported in the literature, one promising result
was obtained by Chen et al. [43]. The mentioned study found
an improvement of 142% in ethanol production from
L. punctata (which accumulates apiogalacturonan) using pec-
tin transaminase. These findings highlight the fact that apio-
and xylogalacturonans demand further studies regarding
hydrolysis.

According to the fractionation process adopted in this
work, the hemicellulose content was 35.2% (Fig. 1) in which
the dominant neutral polymers appear to be arabinan, xylan,
and xyloglucan (see contents of xylose, arabinose, glucose,
and galactose in Table 1). As previously mentioned, hemicel-
lulose content and its interactions with the other cell wall
polysaccharide and lignin confer recalcitrance to biomass by
limiting the access of hydrolases to cellulose [7, 41]. Also, the

high content of arabinose (20.65%) (Suppl. Table 2), as men-
tioned by Li et al. [8], can affect the lignocellulosic crystallin-
ity and, consequently, the production of 2G ethanol.

The cellulose content in duckweeds is reported as low (~
10% dry mass) when compared to terrestrial plants (~ 40% dry
mass) [17, 23, 47]. The results confirmed the ones previously
found in duckweeds, which represented 14.6% of the biomass.
This low proportion of cellulose makes polysaccharides in
duckweeds walls possibly more susceptible to hydrolysis,
and consequently, the cost for ethanol production could be
lower [44].

Among the monosaccharides present in duckweeds’ cell
walls, glucose, galactose, and mannose would be promptly
fermentable since they are easily transported and consumed
by yeasts during the fermentation process to alcohol produc-
tion [48]. Therefore, biomass with a high content of hexoses
and less recalcitrance is advantageous for this purpose.
Considering the fermentable sugars plus xylose, which can
be fermented as well, but more slowly than the others [48,
49], the species evaluated in this study contain approximately
50% of the cell wall useful for bioethanol production.

In general, a high proportion of pentoses is not desirable for
ethanol production. The higher pentose: hexose ratio on de-
starched AIR showed that the duckweed biomass might im-
pose problems for 2G bioethanol production due to the diffi-
culty in the fermentation of pentoses (Fig. 2B) since the latter
is usually less efficient to be metabolized by yeast. However,
new advances in the genetic engineering of fermenting organ-
isms, such as Saccharomyces cerevisiae and Zymomonas
mobilis, make it possible to ferment some pentoses, such as
xylose, therefore increasing ethanol yield from biomass [50,
51]. It is essential to remember that apiose is also a pentose
and that studies on its fermentation by microorganisms are
needed to improve 2G processes that use duckweeds as
bioenergy feedstocks.

Fig. 3 Comparison of
saccharification of duckweed
biomass and cell wall. Data are
represented by glucose equivalent
± standard error (n = 5). Capital
letters on top of white bars are the
significant differences by Tukey’s
test (p < 0.05) for biomass
saccharification. Lowercase
letters on top of dark bars mean
significant differences regarding
cell wall saccharification.
Asterisks indicate significant
differences by t test (p < 0.05) for
biomass and cell wall
saccharification
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Another issue regarding recalcitrance is the assembly and
interactions of the cell wall polysaccharides [52]. Thus, the
architecture of the duckweed cell wall (a porous pectic wrap
with hemicelluloses containing a limited number of linkages
to phenolic compounds and low cellulose levels) makes it a
promising feedstock for biofuels. Indeed, even with a high
pentose proportion, the duckweed cell wall was more prone
to saccharification than sugarcane, one of the most important
bioenergy feedstocks under industrial use to date [53] (Fig. 3).
Concerning non-treated biomass saccharification (light bars in
Fig. 3), the different features of plants’ cell walls from the
subfamilies Lemnoideae and Wolffioideae did not influence
the sacchar i f i ca t ion wi th the Cel l i c and Ctec2
(Novozymes®) cocktail. The nonstructural carbohydrates’
presence might have increased up to 2.5 times the Wolffia
borealis biomass’ saccharification due to the higher starch
accumulation [15], as mentioned above.

Conclusion

The duckweed biomass seems to be suitable for bioenergy
production purposes since they display relatively low recalci-
trance. They contain relatively large proportions of nonstruc-
tural carbohydrates that can be readily metabolized, therefore
adequate for 1G bioethanol production. Furthermore, duck-
weeds also display approximately 50% of fermentable cell
walls with low lignin levels and thus easily applicable in 2G
bioethanol production. Duckweeds do not need land for pro-
duction as they are aquatic plants. A further advantage is that
these plants can also clean up the water, providing a useful
environmental service for urban areas. Besides that, the duck-
weed cell wall displays a considerable saccharification poten-
tial that surpasses sugarcane. All these features highlight that
duckweeds as bioenergy feedstocks would bring even higher
sustainability to biofuel applications as a measure to mitigate
the effects of global warming.
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