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Summary
Trees constitute promising renewable feedstocks for biorefinery using biochemical conversion,

but their recalcitrance restricts their attractiveness for the industry. To obtain trees with

reduced recalcitrance, large-scale genetic engineering experiments were performed in hybrid

aspen blindly targeting genes expressed during wood formation and 32 lines representing

seven constructs were selected for characterization in the field. Here we report phenotypes of

five-year old trees considering 49 traits related to growth and wood properties. The best

performing construct considering growth and glucose yield in saccharification with acid

pretreatment had suppressed expression of the gene encoding an uncharacterized 2-

oxoglutarate-dependent dioxygenase (2OGD). It showed minor changes in wood chemistry but

increased nanoporosity and glucose conversion. Suppressed levels of SUCROSE SYNTHASE,

(SuSy), CINNAMATE 4-HYDROXYLASE (C4H) and increased levels of GTPase activating protein

for ADP-ribosylation factor ZAC led to significant growth reductions and anatomical

abnormalities. However, C4H and SuSy constructs greatly improved glucose yields in

saccharification without and with pretreatment, respectively. Traits associated with high

glucose yields were different for saccharification with and without pretreatment. While

carbohydrates, phenolics and tension wood contents positively impacted the yields without

pretreatment and growth, lignin content and S/G ratio were negative factors, the yields with

pretreatment positively correlated with S lignin and negatively with carbohydrate contents. The

genotypes with high glucose yields had increased nanoporosity and mGlcA/Xyl ratio, and some

had shorter polymers extractable with subcritical water compared to wild-type. The pilot-scale

industrial-like pretreatment of best-performing 2OGD construct confirmed its superior sugar

yields, supporting our strategy.

Introduction

Wood is the most abundant, naturally degradable and renewable

carbon source on Earth (Bar-On et al., 2018), and technologies

are currently being developed allowing its complete utilization. In

biochemical conversion, pretreatment is used as an initial

fractionation facilitating enzymatic saccharification of cellulose

prior to microbial fermentation of sugars and recovery of

hydrolysis lignin (Mart�ın et al., 2022). However, the recalcitrance

of wood hampers its biochemical conversion, which is problem-

atic considering that mild reaction conditions with low input of

chemicals and energy, and high product yields are important for

sustainable and competitive processes (Li et al., 2014; Mart�ın

et al., 2022). Thus, overcoming recalcitrance and achieving high

sugar yields are main priorities in developing new generation

biorefinery feedstocks.

Hardwood species including fast-growing poplars or aspens are

well suited for biochemical conversion provided that their

recalcitrance is reduced (Hinchee et al., 2009; Ko et al., 2020;

Kumar and Verma, 2021; Sannigrahi et al., 2010). Recalcitrance is

a multiscale phenomenon, related not only to the composition

and molecular structure of the different lignocellulosic compo-

nents but also to their supramolecular interactions and hierarchi-

cal organization (Himmel et al., 2007; McCann and

Carpita, 2015; Silveira et al., 2013). It could be reduced by

breeding, which is a slow process in trees, or by more direct

genetic engineering of wood (Chanoca et al., 2019; Donev

et al., 2018). There are many examples of recalcitrance reduction
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by genetic engineering (Biswal et al., 2014, 2015; Eudes

et al., 2012; Gandla et al., 2015; Hao et al., 2021; Macaya-

Sanz et al., 2017; Park et al., 2004; Pawar et al., 2017; Wilkerson

et al., 2014). In some cases, the beneficial impact on enzymatic

saccharification comes at the expense of growth and survival

(Gandla et al., 2015; Van Acker et al., 2014), which calls for

better understanding of plant traits related to saccharification.

Moreover, in most cases, transgenic plants are tested in the

greenhouse experiments. It is however recognized that novel off-

target effects can be observed in genetically engineered trees in

the field (Derba-Maceluch et al., 2020; Funahashi et al., 2014;

Pramod et al., 2021; Strauss et al., 2016; Taniguchi et al., 2012).

Therefore, there is a need to generate more field experimental

data to identify promising genetic engineering strategies that

improve tree productivity and wood properties in woody feed-

stocks designated for biochemical conversion.

The aim of this study was to evaluate the productivity and

wood properties related to biochemical conversion of field-grown

transgenic hybrid aspen (Populus tremula L. 9 tremuloides

Michx.) lines that were selected by extensive greenhouse screen-

ing and are part of a large collections of transgenic lines

generated to understand and characterize the functions of genes

highly expressed in wood-forming tissues (Bjurhager et al., 2010;

Escamez et al., 2017; Gerber et al., 2014). Selected constructs

targeted genes encoding enzymes with known or predicted

functions as well genes which functions have not yet been

characterized (Table 1). The recalcitrance of analysed genotypes

was assessed by analytical saccharification with and without acid

pretreatment (Gandla et al., 2015), nanoporosity (Wang et al.,

2019) and subcritical water extractability (Mart�ınez-Abad

et al., 2018). Further, we have explored relationships between

49 different traits reflecting productivity, wood quality and

saccharification efficiency and built predictive models for saccha-

rification yields. The best construct was tested in a pilot-scale

pretreatment followed by analytical saccharification, to confirm

its superiority in industrially relevant conditions. The study

evaluates the benefits of transgenic manipulation of known and

unknown genes and gives invaluable information on the impor-

tance of different traits in natural field conditions for sacchari-

fication outputs. This information can be used in tree genetic

engineering as well as in tree breeding aiming at reducing

recalcitrance of wood.

Results

Target gene expression in transgenic lines and wild type

All targeted genes (Table 1) were initially selected based on their

high expression during wood formation (Hertzberg et al., 2001).

We used AspWood database (Sundell et al., 2017), which

contains high-resolution gene expression profiles in wood-

forming aspen (P. tremula L.) tissues to determine at which stage

of wood development these genes are active. All targeted genes

were found upregulated at the stage of secondary cell wall (SCW)

formation in the xylem (Figure 1a). Their expression declined

during maturation of the xylem, except for 2OGD and MYBL,

which were highly expressed during late maturation stage when

the only living cells are the ray parenchyma cells (Sundell

et al., 2017).

The expression levels of targeted genes were determined by

RT-qPCR (Table S1) in July 2016 during the high cambial activity

period. They were measured in xylem cells developing secondary

walls and for the LMP1:MYBL construct they were additionally T
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measured in the cambium-enriched tissues. The majority of

constructs showed expected change in a target gene expression

with some variation among the lines, with two exceptions; all

lines of the UAP – RNAi construct showed elevated levels

compared to wild-type (WT) and should be treated as overex-

pressing lines, whereas the LMP1 promoter driven expression of

MYBL resulted in suppressed levels of MYBL transcript in the

cambium-enriched tissues (Table S1) and no differences com-

pared to WT in developing xylem (not shown).

Analysis of height and diameter in all lines grown in the field

(Table S1) revealed growth defects in several constructs and a

poor correlation between field- and greenhouse-measured height

(Figure S1). We subsequently selected three lines per construct for

a more thorough characterization based on their strongest

Figure 1 Analysis of target gene expression. (a) Expression pattern of target genes listed in Table 1 at different stages of wood formation in field-grown

aspen (Populus tremula L.) based on AspWood (http://aspwood.popgenie.org/aspwood-v3.0/) database. (b–h) RT-qPCR analysis of the target gene

expression in the cambium-enriched tissues (g) and in developing wood (b–f and h) of transgenic hybrid aspen (Populus tremula 9 tremuloides) lines and

WT after 5 years of growth in the field for the constructs: UAP (b), SuSy (c), C4H (d), SAM (e), 2OGD (f),MYBL (g) and ZAC (h). Overexpressing lines marked

with a red hash sign. Three biological replicates from each transgenic line and WT were used. Bars = SE. Asterisks show significant differences compared to

WT (Dunnett’s test, ・P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). Data in (c) for SuSy lines were included in (Dominguez et al., 2021) and are shown here

for comparison with other transgenic lines.
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change in the target gene expression compared to WT, and their

consistent growth behaviour with other lines of the same

construct. The three lines were designated as A, B and C, where

C had the strongest change in target gene expression (Figure 1).

This resulted in a collection of 21 transgenic lines for in-depth

phenotypical characterization.

Growth of selected lines

Three of the analysed constructs, C4H, SuSy and ZAC, showed

strong reduction in stem height, diameter and biomass (Fig-

ure 2a–d). The severity of growth defects in these lines correlated

with a change in target gene expression level (Figure 1). Lines of

the 2OGD construct tended to grow better than WT, and their

growth improvement correlated with target gene suppression

level (Figures 1 and 2). SAM lines had inconsistent growth

phenotypes; the line with most reduced levels of target transcript

(SAM-C) had strongly reduced growth, while the line with less

reduced transcript levels (SAM-B) showed an opposite phenotype.

The line with least affected SAM expression as well as MYBL and

UAP constructs did not show any significant alterations in growth

compared to WT.

Wood anatomy and quality traits by SilviScan

SilviScan analysis (Cieszewski et al., 2013; Lundqvist et al., 2017)

of stem was performed to analyse anatomical and physical wood

properties in each annual ring starting from ring two (made by

the two-year old vascular cambium) (Figure 3a). The strongest

phenotypes were detected in SuSy transgenic lines, showing a

reduction in growth (ring width and ring area) and several wood

density-related parameters (number of fibres per vessel, wood

density, fibre coarseness, modulus of elasticity (MOE), fibre cell

wall thickness) associated with high values of radial and tangen-

tial fibre diameters already in year two. C4H and ZAC lines

exhibited similar but weaker phenotypes that became more

pronounced in the more mature wood.

Since the history of wood formation is recorded in annual rings,

we could estimate average values of wood-quality related traits

that would be observed at the end of each year in the field

(excluding the first year). These end-of-the-year estimates were

used to evaluate stability of different traits across the years by

Spearman’s correlation. We also calculated Spearman’s correla-

tions for stem height and diameter for comparison, including the

first-year growth data. The analysis revealed that wood density

and tangential fibre diameter have high correlation coefficients

between all years and the final year (Figure 3b), indicating that

these traits are already established after the second growth

season. However, fibre coarseness, MOE, MFA, radial fibre

diameter and fibre cell wall thickness displayed low Spearman’s

correlation between year 2012 and year 2015, indicating that

these traits stabilize later and require at least three growth

seasons in the field to rank the transgenic lines with respect to

these traits correctly. Stem height and diameter growth, on the

other hand, stabilized after the second growth season, whereas

the ranking based on measurements at the end of the first

growth season was different from the one carried out in later

years.

Average anatomical and wood quality traits observed at the

end of year 2015 are shown in Figures S2 and S3, respectively. All

SuSy and C4H lines and most affected ZAC and SAM lines had

increased fibre tangential and radial diameters (Figure S2A,B). The

number of fibres per area (Figure S2D) was consequently reduced

in these lines compared to WT. Moreover, their cell wall thickness

tended to be reduced (Figure S2F), and the number of vessels per

area increased (Figure S2E). The most affected C4H, SuSy, SAM

and ZAC lines had decreased vessel diameter (Figure S2C), which

was correlated with increased vessel number per area (Figure S2E).

Consistent with these anatomical changes, wood density, MOE

and fibre coarseness were reduced in all SuSy, and most affected

C4H lines (Figure S3A–D). None of the lines showed improvement

in any quality traits. MFA was sharply reduced in C4H-C line

(Figure S3E), which correlated with high occurrence of tension

wood (TW) in this line (Figure S4). Overall, SuSy, C4H and ZAC

lines displayed most clear-construct related alterations in wood

anatomy and reduction in quality traits, compared to WT.

Wood chemistry and recalcitrance traits

Pyrolysis–GC/MS (Py–GC/MS) analysis (Meier et al., 2005)

revealed major changes in wood chemistry in all SuSy lines that

showed severely reduced levels of carbohydrates (Figure 4a), an

increase in S and total lignin (Figure 4b,e) and in S/G ratio

(Figure 4d). The two most affected C4H lines showed opposite

changes in these parameters, a reduction in G lignin (Figure 4c)

and an increase in phenolic compounds (Figure 4f), which

reached levels several times higher compared to WT or any other

line. These two constructs exhibited the most prominent and

opposite changes in wood chemistry.

The susceptibility to biochemical conversion of the transgenic

lines was analysed by analytical enzymatic saccharification of

either non-pretreated biomass (NP) or acid-pretreated biomass

(PT) and is expressed as glucose (Glc) yield per wood weight or

per stem. Whereas the yield per wood weight is a measure of

lignocellulose processing properties, the yield per stem reflects

both processing properties and plant productivity in the field and

is therefore the ultimate measure of line performance. The two

most affected lines of the C4H construct had strongly improved

Glc yield per wood weight in NP (Figure 5a) but no improvement

in PT (Figure 5b). Their yields per stem, in both NP and PT, were

severely reduced (Figure 5c,d) due to a strong growth defect

(Figure 2c). All 2OGD lines showed significantly higher levels of

Glc yield per wood weight in PT (Figure 5b), which combined with

their good growth (Figure 2c) resulted in high yields per stem in

PT (Figure 5d). SuSy lines also had improved yields per wood

weight in PT, but their yields per stem (both NP and PT) were very

strongly reduced (Figure 5b–d) due to growth defect (Figure 2c).

The two most affected ZAC lines showed reduced Glc yields per

stem in both NP and PT due to poor growth (Figure 5c,d). A

complete summary of the sugar and biomass yields of the

transgenic lines is shown in Table S2.

Traits associated with wood Glc yields

To reveal traits associated with improved saccharification yields,

we selected eight lines (2OGD-A, 2OGD-B, C4H-B, C4H-C, SAM-

A, SAM-B, SuSy-B and SuSy-C), which showed positive effects of

genetic manipulation on one or more parameters of saccharifi-

cation, and we analysed their biomass in more detail. Biomass

sugar composition based on total acid hydrolysis (Figure S5)

showed significant changes compared to WT in SuSy lines that

had reduced Glc content and increased content of sugars related

to hemicelluloses (Xyl, and in one line also Man) and RGI (Ara, Gal

and Rha). C4H lines had strongly decreased content of Man, and

they occasionally were showing an increase in pectin-related

sugars and mGlcA. SAM lines and the 2ODG-B line showed an

increase in mGlcA. Based on these data, the ratio of mGlcA to Xyl

increased in 2OGD, C4H and SAM lines at P < 0.0001, P < 0.0006
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and P < 0.0001, respectively. Thus, in most cases, improved

saccharification parameters were associated with changes in

hemicelluloses and pectins. We next estimated Glc conversion

rates in NP and PT to address the question if the Glc yields in

saccharification were dependent on wood Glc content or rather

on the conversion rate of glucan to Glc. In NP, both C4H lines had

Figure 2 Growth phenotypes of transgenic aspen after 5 years in the field. Stem height (a), diameter (b) and dry weight (c). Three independent lines,

labelled A, B or C of each transgenic construct are shown, where A has the least affected and C has the most affected target gene levels, compared to

WT. Overexpressing lines are marked with a red hash sign. Eight and 130 biological replicates were analysed for each transgenic line and WT,

respectively. Bars = SE. Asterisks show significant differences compared to WT (Dunnett’s test, *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). Horizontal lines

above bars that lie at the same level show means that are not significantly different based on Tukey’s multirange test at P ≤ 0.05. Data for SuSy lines

were included in (Dominguez et al., 2021) and are shown here for comparison with other transgenic lines. (d) Images of transgenic trees at the time of

harvest. Scale bar – 30 cm.
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Figure 3 SilviScan analysis of anatomical, growth and wood quality traits in transgenic and wild-type (WT) hybrid aspen grown in field conditions for

5 years. (a) A heatmap showing variability in all measured traits among genotypes in annual rings 2012–2015 corresponding to cambial age 2–4 years.

Traits were measured along the stem radius and means for each annual ring are used in the heatmap. Data were scaled and centered to WT values

separately for each year. Four and 32 biological replicates were used for each transgenic line and WT, respectively. Asterisks show significant differences

compared to WT (Dunnett’s test, P ≤ 0.05). (b) Spearman’s correlations for growth- and wood- related traits between the years. Traits were measured at

the end of 2015 and the end of 2011 (for growth traits only), 2012, 2013 and 2014.
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over twofold higher conversion than WT (Figure S6). For PT, the

Glc conversion rates were increased in SuSy and 2OGD lines.

Thus, the improved saccharification yields in these lines, C4H in

NP and SuSy and 2OGD in PT (Figure 5a,b), were caused by

increased Glc conversion. To investigate the cause of increased

Glc conversion in these lines, we analysed their nanoporosity

using Brunauer–Emmett–Teller (BET) analysis. Remarkably, all

three constructs had increased nanoporosity (Figure S7).

We further carried out supervised, predictive multivariate

modelling to reveal tree traits correlated with saccharification

yields and to find best predictors of different saccharification

traits. Two orthogonal partial least squares (OPLS) models were

constructed with significantly predictive power (Qcum > 0.6) to

identify traits responsible for Glc yield per wood weight in NP

and in PT (Figure 6a,b; Table S3). For each of the investigated

49 traits, we calculated the predictive, orthogonal and total

variable importance for the projection (VIP) value. Traits consid-

ered as significant for yield prediction (VIPtotal – 95% confidence

interval > 0 and VIPpredictive > 1) are displayed along with the

OPLS-DA scores plots in Figure 6. Yields of Glc per wood weight

in NP (Figure 6a) positively correlated with TW content,

carbohydrate content, carbohydrate to lignin ratio, phenolics

content and yields of other sugars in NP and NP-Glc production

rate. Remarkably, these yields negatively correlated with growth

(plant height, ring width) and with lignin content (G -, S -, total)

and S/G ratio. Further, the yields were negatively related to Man

content, yields of Xyl and Man in pretreatment liquid (PL) and to

yield of Xyl and Glc production rate (GPR) in PT. The score plot

of the samples showed better yields (higher predictive compo-

nents) for C4H, SAM and marginally for 2ODG lines than for WT

(Figure 6a).

Yields of Glc in PT (Figure 6b), positively correlated with S- and

total lignin, yields of sugars in pretreatment liquid, yields of Glc

and Xyl in enzymatic saccharification following acid pretreatment

and yield of Xyl and GPR in PT. In contrast, the yields negatively

correlated with % TW, carbohydrate content and carbohydrate

to lignin ratio, as well as with sugar yields and GPR in NP. The

latter underscored a negative correlation between yields in NP

and in PT. Indeed, a number of variables, such as % TW,

carbohydrate content, S-lignin, pretreatment liquid Xyl and Man

yields, Xyl yield in PT and yields of Gal, Xyl and GPR in NP, showed

reversed profiles between the NP and PT models (Figure 6a,b).

The predictive component for Glc yield in PT was improved in all

transgenic samples, with best results for 2OGD and SuSy lines.

Figure 4 Wood chemistry-related traits of

transgenic and wild-type (WT) hybrid aspen

grown in field conditions for 5 years based

on Py–GC/MS analysis. Proportions of car-

bohydrates (a), syringyl lignin (b), guaiacyl

lignin (c). (d) Syringyl to guaiacyl ratio (S/G).

(e) Total lignin. (f) Proportion of phenolics.

Three independent lines, labelled A, B or C

of each transgenic construct are presented;

where A indicates the line with the least

affected levels of expression of the tar-

geted gene and C is the line with most

affected levels, compared to WT. Overex-

pressing lines are marked with a red hash

sign. Four and 32 biological replicates were

used for each transgenic line and WT,

respectively. Bars = SE. Asterisks show

significant differences compared to WT

(Dunnett’s test, ・P ≤ 0.1; *P ≤ 0.05;

**P ≤ 0.01; ***P ≤ 0.001). Horizontal lines

above bars that lie at the same level show

means that are not significantly different

based on Tukey’s multirange test at

P ≤ 0.05.
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To further our understanding of biomass properties relevant for

saccharification, we analysed selected lines by subcritical water

extractability (Figure 7; Figure S8). During the successive super-

critical water extraction, the different polymers are extracted

according to their bonding within cell wall (Mart�ınez-Abad

et al., 2018). We found reduced yields of extracts in SAM-A,

2OGD-B and C4H-B lines, primarily due to reduced yields of 10-

min extractions (Figure S8A) and reduced yields of polysaccha-

rides in all transgenic lines (Figure S8B). The size exclusion

chromatography of consecutive extracts of transgenic lines

(Figure 7a) revealed differences from WT in 10- and 20-min

extracts, containing diverse polymers with high participation of

glucans, pectins, mannans and lignin (Figure S8C; Figure 7d),

whereas the extracts that were most enriched in xylan (30- and

60-min) had similar profiles in transgenic lines and WT. C4H-B

and SuSy-B 10-min extracts had contrasting profiles that deviated

most distinctly from the profiles of WT plants. The SuSy-B extracts

were missing the high molecular weight tail present in all other

samples, whereas the C4H-B extracts exhibited the most promi-

nent high molecular weight peak. The profiles of 2OGD-B and

SAM-A extracts were similar and had exaggerated low molecular

weight part of the profile in both 10-min and 20-min, suggesting

the presence of shorter polymers in these lines. The yields of all

polysaccharides in the 10-min extracts were strongly reduced in

all transgenic lines compared to WT, with strongest reductions in

2GOD-B and SAM-A lines (Figure 7b). The composition analysis

(Figure 7d; Figure S8C) revealed that the extracts of SuSy-B lines

that performed well in PT (Figure 5b) contained less carbohy-

drates (mainly less pectins and glucans) and more S-lignin than

WT, whereas extracts of C4H-B lines that performed well in NP

were enriched in lignins and depleted in carbohydrates. The

extracts of 20- and 30-min treatments in C4H-B and SAM-A lines

were enriched in pectins, whereas the pectins were more

abundant in residues remaining after extraction of 2OGD-B and

SuSy-B lines compared to WT (Figure S8C). The glucan content

was reduced in extracts of 2OGD-B, SAM-A and SuSy-B lines, and

the mannan content was reduced in 2OGD-B and C4H-B

compared to WT. The mGlcA to Xyl ratio, which is a proxy for

xylan glucuronosylation, was highest in 10-min extracts, indicat-

ing that highly glucuronosylated xylan is easily extracted (Fig-

ure 7b). All transgenic lines with improved saccharification

exhibited increased mGlcA to Xyl ratio in the starting material

and/or extracts compared to WT. The overall conclusion is that

the subcritical water extractability reflects biomass polysaccharide

cross-linking and is intimately linked to the saccharification

potential of transgenic lines.

Considering growth (Figure 2), wood development (Figure 3;

Figure S2), improved saccharification yield per wood weight in PT

(Figure 5), glucose conversion (Figure S6) and nanoporosity

(Figure S7), we selected the 2OGD lines for testing in a pilot-scale

pretreatment facility. The lignocellulose milled with bark was

pretreated in bioreactors in two independent experiments and

Figure 5 Glucose yields of transgenic and

wild-type (WT) aspen grown in field con-

ditions for 5 years. (a) Glucose yield per

wood weight in saccharification without

pretreatment (NP). (b) Glucose yield per

wood weight in saccharification with acid

pretreatment (PT). (c) Glucose yield per

stem in NP. (d) Glucose yield per stem in PT.

Three independent lines, labelled A, B or C

of each transgenic construct are presented;

where A indicates the line with the least

affected levels of expression of the tar-

geted gene and C is the line with most

affected levels, compared to WT. Overex-

pressing lines are marked with a red hash

sign. Four biological replicates were used

from each transgenic line and eight bio-

logical replicates from WT. Bars = SE.

Asterisks show significant differences

compared to WT (Dunnett’s test, ・P ≤ 0.1;

*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).

Horizontal lines above bars that lie at the

same level show means that are not

significantly different based on Tukey’s

multirange test at P ≤ 0.05.
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analysed by enzymatic saccharification that was continued for

three days. The final yields of glucose from transgenic biomass

were nominally increased compared to the WT by 17%, P < 0.12,

whereas the yields of xylose were increased by 15%, P < 0.05

(Figure 8a,b). These yields were a little less compared to those

from analytical pretreatment, but the pattern of glucose and

xylose releases followed similar dynamics in the two types of

pretreatment processes.

Discussion

Line performance changes after the first year in the field

In this study, 32 transgenic lines belonging to seven constructs

were tested over five years in the field trial. The targeted genes

represented variety of functions and were upregulated during

secondary wall formation in developing xylem (Figure 1). All

tested lines showed changes in target gene expression in the

developing wood of field-grown trees (Figure 1) consistent with

previous greenhouse analyses (Bjurhager et al., 2010; Gerber

et al., 2014), supporting the long-term stability of transgene

expression in the field reported previously (Hawkins et al., 2003;

Pramod et al., 2021; Strauss et al., 2016). However, line growth

performance in the field was in some cases different than in the

greenhouse (Figure 2; Figure S1; Bjurhager et al., 2010; Gerber

et al., 2014). A major re-ordering of transgenic lines with regard

to several parameters occurred after the first dormant period

(Figure 3b) indicating that the overwintering is a critical test of

transgenic trees (Strauss et al., 2016). This could be related to

several reasons: (i) transgene expression could interfere with

physiological processes during overwintering; (ii) transgene

insertion could disrupt genes having a critical role for overwin-

tering and (iii) transgene insertion could interfere with genomic

rearrangements that occurs in meristems of overwintering trees

(Lloyd et al., 1996; Mellerowicz et al., 1989, 1992). Thus in boreal

climate, at least a two-year testing period is needed to evaluate

growth of transgenic perennial crops and results from shorter

duration field studies (Kim et al., 2018; Macaya-Sanz et al., 2017)

should be treated with caution.

Function of targeted genes revealed by field testing

SuSy encoded sucrose synthase provides UDP-Glc from sucrose

for cellulose and other cell wall polymers (Stein and

Figure 6 Contributions of different variables to predicted glucose yields in saccharification. OPLS predictive models for: glucose yield per wood weight in

saccharification without pretreatment (NP) (a), glucose yield per wood weight in saccharification with pretreatment (PT) (b). For each model, a scatter plot

showing the distribution of samples (dots) coloured according to constructs is presented on the left and a loading plot showing variables significantly

contributing to the predicted yields on the right. In the scatter plots, the horizontal axes show spreads of samples according to the predictive component,

while the vertical axes show spreads along the orthogonal component not correlating with glucose yields. The loadings considered as significant for the

predictive component are those which have VIPpredictive > 1 and VIPtotal – 95% confidence interval > 0 and are marked by asterisks. The model details are

shown in Table. Abbreviations: Ara – arabinose, C – carbohydrates, EH – enzymatic hydrolysate, Fuc – fucose, G – guaiacyl lignin, Gal – galactose,

Glc – glucose, GPR – glucose production rate, L – lignin, Man –mannose, PL – pretreatment liquid, S – syringyl lignin, P – phenolics, TW – tension wood, Xyl

– xylose.
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Granot, 2019), and it is proposed as a key enzyme regulating

wood cellulose biosynthesis (Coleman et al., 2009). In contrast to

mild effects of SuSy downregulation in the greenhouse (Gerber

et al., 2014), which were explained by an alternative route of

UDP-Glc biosynthesis mediated by invertase (Dominguez

et al., 2021), the growth of SuSy-suppressed lines was greatly

reduced in the field (Figure 2; Dominguez et al., 2021). Moreover,

their wood displayed anatomical abnormalities, reduced cell wall

thickness and density, reduced carbohydrate and increased lignin

contents and its sugar composition indicated a reduction in

cellulose compensated by higher hemicellulose and pectin con-

tents (Figures 3 and 4; Figures S2–S4). These observations indicate
that SuSy-encoded activity mediates C-flux not uniformly to all

wall components but primarily to cellulose, which is needed for

cambial activity and secondary wall biosynthesis in developing

xylem, and which cannot be efficiently substituted by any

alternative pathway in the field conditions.

C4H encodes a cinnamate 4-hydroxylase involved in the

conversion of t-cinnamic acid to p-coumaric acid (Boerjan

et al., 2003; El Houari et al., 2021a). Mutation in C4H in

Arabidopsis thaliana reduces lignin content and induces growth

abnormalities (Schilmiller et al., 2009) that were recently shown to

be caused by accumulation of c-cinnamic acid interfering with

polar auxin transport (El Houari et al., 2021b).C4H downregulation

in aspen also induced dwarfism and anatomical wood abnormal-

ities, reduced lignin and increased phenolics content (Figures 2–4;
Figures S2 and S3; Bjurhager et al., 2010), consistent with reports

in A. thaliana (Boerjan et al., 2003; El Houari et al., 2021a).

Arabidopsis thaliana ZAC encodes a protein activating GTPase

activity of arabinosylation factors (ARFs) involved in endosomal

vesicle trafficking (Jensen et al., 2000) and mediating gravitropic

bending in response to Ca+2 fluxes (D€ummer et al., 2016). In

aspen, ZAC is broadly expressed in wood-forming tissues

(Figure 1), and its upregulation strongly inhibits height and

diameter growth (Figure 2) and affects wood cell structure

(Figures S2 and S3). These results indicate that ZAC has an

essential cellular function for cell division, radial cell expansion

and secondary wall thickening.

(a)

(b)

(c)

(d)

Figure 7 Subcritical water extractability of

lignocellulose in transgenic and wild-type

(WT) hybrid aspen grown in the field

conditions for 5 years. Milled wood was

successively extracted for indicated time

intervals and the composition of extracted

polysaccharides was determined. (a) Size

exclusion chromatography of successive

extracts. (b) The yields and composition of

extracted polysaccharides. Polysaccharide

content was based on the following sugar

contents: pectins – Fuc, Ara, Rha, Gal,

GalA, GlcA; glucan – Glc, xylan – Xyl,

mGlcA, mannan – Man. The content of

each polysaccharide is given in mg per g of

wood powder. (c) Ratio of mGlcA to Xyl in

the successive extracts illustrating degree of

xylan glucuronosylation. (d) Pyrolyzate

content. C-carbohydrates, S – S-lignin, G –

G-lignin, H – H-lignin, P – phenolics. Means

� SE of two technical replicates of pooled

wood powder from four trees per geno-

type. Asterisks show significant differences

compared to WT (Dunnett’s test,

*P ≤ 0.05), black asterisks indicate upreg-

ulation, white asterisk – downregulation. P-

values indicate significance for total

polysaccharide yield.
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SAM is predicted to encode a methionine adenosyltransferase

– an essential enzyme synthesizing S-adenosylmethionine that

serves as general methyl donor in a variety of reactions including

lignin and ethylene biosynthesis (Jin et al., 2017). SAM down-

regulation in aspen affected tree growth with different outcomes;

a strong downregulation inhibited height and diameter growth,

but a mild downregulation stimulated it (Figure 2), but there were

no changes in lignin content even in the most suppressed line

(Figure 4). As the suppression of two SAM homologues in

switchgrass resulted in growth inhibition and strong lignin

reduction (Li et al., 2022), we hypothesize that the lack of similar

effect on lignin in aspen is due to the redundancy in the gene

family. It would be also interesting to investigate if the nonlinear

growth response of transgenic lines to SAM transcript dosage

could be related to an epigenetic effect via DNA and histone

methylation known to be regulated by the methionine level (Yan

et al., 2019).

Aspen 2OGD is a member of a large family of

2-oxoglutarate-dependent dioxygenases, which couple two-

electron oxidation of diverse substrates with decarboxylation

of 2-oxoglutarate to succinate. The family has three subclades

(Kawai et al., 2014). 2OGD belongs to the subclade DOXC that

includes oxygenases involved in biosynthesis of gibberellins,

flavonoids and ethylene, but the branch 21 of this subclade

where 2OGD belongs has not yet been functionally character-

ized. In wood-forming tissues of aspen, 2OGD is expressed in

cells depositing secondary walls (Figure 1), and its suppression

tended to stimulate stem height growth and significantly

increased stem diameter and biomass in the most suppressed

line (Figure 2), suggesting that activity of 2OGD inhibits stem

primary and secondary growth.

Constructs with less recalcitrant biomass

The C4H construct had greatly improved Glc yield and conversion

in NP (Figure 5; Figure S6), but these positive changes were offset

by growth penalty and abnormalities in wood development. The

results are similar to those obtained for C4H-downregulated

hybrid eucalyptus grown in the field for 2 years (Sykes

et al., 2015) and field-grown transgenic Populus with downreg-

ulated different monolignol biosynthetic pathway genes (Pilate

et al., 2002; Voelker et al., 2011; Van Acker et al., 2014). These

results show that growth inhibition and developmental abnor-

malities are observed when the lignin content is significantly

reduced, which limits the use of lignin-reduced transgenic trees.

However, recent discoveries in lignin-downregulated Arabidopsis

and Medicago showing that developmental abnormalities had

indirectly been induced by signalling involving polygalacturonase

or bioactive phenolic compounds (El Houari et al., 2021b;

Gallego-Giraldo et al., 2011, 2020) open possibilities to develop

strategies that control the signalling of lignin deficiency. C4H

plants had several interesting characteristics from the biorefinery

point of view, like a lower S/G ratio, a higher carbohydrate

content and nanoporosity (Figures 4 and 7; Figures S5 and S7),

and their extracts were enriched in high molecular weight

compounds (Figure 8), providing incentive to develop a remedy

for the growth defect.

SuSy-downregulated lines had highly improved Glc yields and

conversion in PT (Figure 5; Figure S6). This interestingly occurred

despite their increased S-lignin contents (Figure 4), supporting the

efficiency of acid pretreatment in S-lignin modification such, that

its presence does not limit cellulose enzymatic conversion

anymore (Li et al., 2016). Increased saccharification can be
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Pilot-scale Analytical

Figure 8 Comparison of sugar yields of

2OGD lines and wild-type (WT) after a pilot

scale industrial-like acid pretreatment and

after analytical pretreatment. Glucan (a)

and xylan (b) unit yields in enzymatic

saccharification for 0–3 days after indus-

trial pilot scale acid pretreatment obtained

in two independent pretreatment runs (left)

or analytical pretreatment (right). Three

biological replicates of WT were compared

with three biological replicates of trans-

genic lines with suppressed 2OGD expres-

sion (three transgenic lines), each replicate

represented by four trees. Means � SE. P

values correspond to F test; asterisks show

P ≤ 0.05.
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explained by increased nano- and microporosity evidenced by BET

analysis and reduced cell wall thickness and wood density

(Figure 4; Figures S2, S3 and S7; Gerber et al., 2014). These

nano- and micro-structural changes did not reduce recalcitrance

in NP or made wood more amenable to subcritical water

extraction (Figure 7), probably because of the high S-lignin

content in these plants. Improved saccharification properties in PT

are of interest, but severe growth inhibition makes these lines

unsuitable as biorefinery feedstocks.

2OGD-suppressed lines exhibited the highest Glc yield and

significantly better Glc conversion in PT and increased nanoporos-

ity (Figure 5; Figures S6 and S7), but the reason for this improved

phenotype is unclear. The chemotype of these plants was not

altered (Figure 4), except for an increased mGlcA content

(Figure S5), suggesting higher xylan glucuronosylation. The SEC

profile of water extracts of 2OGD plants suggested presence of

short loosely bound polymers, which could be related to their

improved saccharification. All 2OGD lines had nominally

increased growth, with the most highly suppressed line showing

the significant increase in diameter and biomass (Figure 2), which

resulted in relatively high Glc yields per stem in PT (Figure 5d). The

ultimate test of the 2OGD line using pilot scale industrial-like acid

pretreatment showed positive features, although gains and

reproducibility of the pretreatment were lower than in the

laboratory (Figure 8). To our knowledge this is the first example of

genetically modified lignocellulose of a tree species that was

improved in a pilot-scale industrial-like biorefinery process and

was more productive in the field than the WT.

SAM-suppressed lines A and B had among the highest Glc

yields in PT and in NP (Figure 5a,b). These positive effects could

not be explained by any of the measured parameters including

the biomass pyrolyzate composition (Figure 4), nanoporosity

(Figure S7) or wood anatomy parameters (Figure 3; Figure S2). An

increase in mGlcA compared to WT was observed in these lines,

similar to the 2OGD lines (Figure S5), and molecular weight

profiles of water extracts were similar between 2OGD- and SAM-

suppressed plants (Figure 8), suggesting some common features

of these plants. SAM-B also grew well, providing a rare example

of transgenic modification having high Glc yield per tree in NP

and in PT (Figure 5). However, the most suppressed SAM-C line

was dwarf (Figure 2), which indicates that gene dosage needs to

be carefully controlled in SAM-suppressed plants.

Traits determining saccharification

Several previous studies tried to find determinants of saccharifi-

cation yields based on biomass variability in natural populations

(Davison et al., 2006; Studer et al., 2011), in different genotypes

obtained by breeding (Serapiglia et al., 2013), in different

transgenic plant collections grown in the greenhouse (Escamez

et al., 2017) and in the field (Pramod et al., 2021), or following

controlled extraction of biomass (Chang and Holtzapple, 2020;

DeMartini et al., 2013). Here we used a collection of field-grown

WT hybrid aspen and eight transgenic lines that exhibited positive

changes in different saccharification parameters (Figure 5), to

pinpoint which of 49 analysed traits characterizing tree morphol-

ogy, wood anatomy, wood chemistry and wood physical char-

acteristics are associated with improved wood saccharification.

For Glc yields in NP, we confirmed that lignin content (S, G, total

lignin) is a negative factor-limiting enzymatic hydrolysis (Davison

et al., 2006; Mansfield et al., 2012; Min et al., 2012; Serapiglia

et al., 2013; Studer et al., 2011; Van Acker et al., 2014). The

analysis suggested that Glc yield in NP is negatively correlated

with growth (Figure 6). It is possible that this correlation was

driven by phenotype of C4H lines. However, a negative correla-

tion between Glc yield in NP and growth was also observed in

lines with reduced xylan acetylation, and it was explained by a

higher S-lignin content among the better-growing transgenic

lines (Pramod et al., 2021). Whereas there is a link between

increased body weight and lignification (Ko et al., 2004), it is

uncertain if such relationship universally holds beyond the sets of

transgenic lines analysed in these studies. Occurrence of TW was

a positive factor determining Glc yields in NP (Figure 7). This result

supports conclusions of studies in willow, which identified TW as

the main determinant of high Glc yields and Glc conversion rates

(Brereton et al., 2012; Foston et al., 2011). This relationship is

explained by a higher cellulose and lower lignin contents as well

as higher nano-porosity of TW compared to normal wood

(Fagerstedt et al., 2014).

Glc yield in PT was dependent on totally different traits than in

NP (Figure 6). Moreover, many traits having positive impact in NP

exhibited negative influence in PT. This could be interpreted as

evidence of high efficiency of acid pretreatment that decreases

recalcitrance due to hemicelluloses and lignin, in particular the S-

lignin that is the major form of lignin in aspen fibres. Other

studies showed a negative impact S/G ratio on lignocellulose

saccharification with pretreatment in samples with similar lignin

content (Mansfield et al., 2012; Studer et al., 2011). S/G ratio is

related to wood anatomy since vessel elements are enriched in G-

lignin in hardwoods (Mellerowicz et al., 2001), and it is possible

that low S/G ratio corresponds to high vessel-to-fibre ratio, thus

high microporosity and better access of enzymes to cell wall. But

in our data, neither G-lignin nor vessel frequency was significantly

affecting saccharification in PT (Figure 6; Table S3).

Conclusions

This study evaluated seven constructs represented by 32 trans-

genic lines pre-selected in large-scale greenhouse screening by

determining their growth and wood properties relevant for

saccharification after five-year cultivation in the field. The results

(i) provided relevant information on field testing strategies, (ii)

revealed physiological functions of tested genes in natural

environment, (iii) identified types of transgenic manipulations

suitable for saccharification improvement and (iv) revealed

relationships among different traits and saccharification, identi-

fying key parameters governing better saccharification yields.

Moreover, the best transgenic lines were processed in a pilot-

scale reactor under industrial-like conditions, providing proof-of-

concept results supporting our strategy of developing biorefinery-

improved feedstocks.

Experimental procedures

Generation of transgenic lines

Genes having high expression in wood-forming tissues (Hertzberg

et al., 2001) were selected for engineering RNAi constructs using

the pK7GWIWG2 vector with the 35 S promoter (Karimi

et al., 2002) and overexpression constructs using the pPCV812

vector (Koncz et al., 1994) with either the original 35 S promoter

or the cambium-specific promoter LMP1 (WO2004097024 A1)

(Table 1). The hybrid aspen (Populus tremula L. 9 tremuloides

Michx) clone T89 was transformed by Agrobacterium and

individual transgenic lines along with WT control plants were

propagated in vitro (Nilsson et al., 1992), and grown in the
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greenhouse (Gandla et al., 2015) until they reached approxi-

mately 70 cm in height.

Field trial establishment and design

The field trial was established with permit 22-3992/11 from the

Swedish Board of Agriculture (J€onk€oping, Sweden). In total, 32

transgenic lines representing seven transgenic constructs, and WT

plants were planted with a 3 m spacing at flat and homogeneous

area in V�axtorp, Laholm community, Sweden (56.42° N,

13.07° E) in June 2011, where they were grown for five seasons.

bto six lines (Table S1). Trees were planted in eight blocks. Each

block included one transgenic tree per line and 16 WT trees.

During the two first years, the field was harrowed and later

mowed twice a year. After each growing season and before

harvesting (summer 2016), height and diameter at the stem base

were measured. Stem and branch biomass were determined at

harvest by weighing, and their dry weight was determined by

drying subsamples in an oven at 60°C. For wood and RNA

analyses, 50% of the tallest trees were selected from each

genotype. A 20-cm stem segment was dissected from the

previous-year-formed stem, split into the bark and the wood

core and stored at �80°C until used for RNA analyses and a 10-

cm-long stem segment was collected from 23 to 32 cm from the

ground, debarked, cut into four pieces, dried at 60°C in the oven

and stored at room temperature until wood chemical analyses.

Additionally, a 6-cm-long segment (10–16 cm from the ground)

was collected with bark and frozen for NIR analyses, and another

similar segment (16–22 cm from the ground) was dissected, dried

in ambient temperature and stored at room temperature for

SilviScan analysis.

Quantitative polymerase chain reactions

Developing xylem or cambium tissues were scrapped from the

exposed wood core and bark surface, respectively, and ground in

liquid N2. Three trees from each line were analysed. RNA was

extracted as described in Ratke et al. (2015), reverse-transcribed

using iScriptTM cDNA Synthesis with random hexamer primers

(Bio-Rad). Quantitative polymerase chain reactions (qPCRs) were

performed using LIGHTCYCLER 480 SYBR GREEN I Master Mix

(Roche) in a LightCycler� 480 System II (Roche) and 20 lL
reaction volume. PCR program was 95°C for 5 min, then

50 cycles of 95°C for 30 s, 60°C for 15 s and 72°C for 30 s.

UBQ-L (Potri.005G198700) and CYP (Potri.004G168800) were

selected as reference genes from four tested genes based on

GeNorm (Vandesompele et al., 2002). The primer sequences are

listed in Table S4. The relative expression level was calculated

according to Pfaffl (2001) in Python (Van Rossum and

Drake, 2009).

Wood anatomical and structural features

SilviScan (CSIRO, Australia) measurements were conducted at

INNVENTIA/RISE using procedures described previously (Cies-

zewski et al., 2013; Lundqvist et al., 2017). Stem segments were

cut with a precision twin blade saw at a 2 mm thickness in the

tangential direction and 7 mm height in the longitudinal direction

to obtain sample strips from pith to bark, which were sanded on

upper cross-sectional surface. All analyses were carried out at

25°C and 43% relative humidity. The average density of each

sample was obtained by measuring its volume and weight and

used for calibration. The samples were analysed by a cell scanner

using an optical lens to provide microscopic images, then by an X-

ray densitometer to provide density variation at a 25 lm

resolution and finally by an X-ray diffractometer to provide

microfibril angles (MFA) and wood stiffness (MOE) at a 5 mm

resolution. SilviScan data were displayed using ComplexHeatmap

with default parameters (Gu et al., 2016).

NIR analysis

Stem segments were cut to 15 mm heigth and sanded prior to

NIR-imaging at 0.5 mm2 resolution using 256 wavelengths

between 900 and 2500 nm. TW prediction models were built

using samples with induced TW as reference data. TW and

normal wood areas were identified using cell-scanner images and

MFA obtained by SilviScan. Multivariate predictive models were

built using partial least squares in Evince (Prediktera – AB), and

evaluated using Breeze (Prediktera – AB).

Grinding of wood

Wood samples were ground using the Cutting Mill SM 2000 with

4-mm, followed by 1-mm sieve (Retsch, Haan, Germany) and

sieved using the analytical sieve shaker AS 200 (Retsch) to obtain

particle size fractions: <50 lm, 50–100 lm, 100–500 lm and

>500 lm.

Pyrolysis coupled to gas chromatography/mass
spectrometry (Py-GC/MS)

Wood powder with particle size <50 lm was used for Py-GC/MS

as described by Gandla et al. (2015). A portion of 50–60 lg was

applied to a pyrolizer equipped with an auto sampler (PY-2020iD

and AS-1020 E, Frontier Lab, Japan) connected to a GC/MS

(7890A/5975C; Agilent Technologies AB, Sweden) and analysed

according to Gerber et al. (2012).

Analytical enzymatic saccharification

Portions of 50 mg of dry wood powder (particle size 100–
500 lm) from each of four biological replicates per line each with

three technical replicates were used for enzymatic saccharifica-

tion before and after acid pretreatment as described previously

(Gandla et al., 2021). Pretreatment was performed using a single-

mode microwave system (Initiator Exp, Biotage, Uppsala, Swe-

den). Each reaction mixtures with pretreated or non-pretreated

material contained 5 mg liquid enzyme preparation (Cellic CTec-2

obtained from Sigma-Aldrich, St. Louis, MO, U.S.A.). Reaction

mixtures were incubated for 72 h at 45°C and 170 rpm (Ecotron

incubator shaker, Infors, Bottmingen, Swizerland). GPR was

determined after 2 h using a glucometer (Accu-Chek� Aviva;

Roche Diagnostics Scandinavia AB, Bromma, Sweden), and

monosaccharide sugar yields were determined after 72 h using

a high-performance anion-exchange chromatography (HPAEC)

system (ICS 5000, Dionex, Sunnyvale, CA) and standard

monosaccharide solutions (Wang et al., 2018).

Subcritical water extraction

For extraction and sugar composition analysis by two-step

hydrolysis, 50–100 lm sized wood particles of four trees per

genotype were pooled and used as biological replicates. Portions

of 2 g of pooled wood powder were successively extracted for 10,

20, 30 and 60 min with 0.2 M formate buffer, pH 5.0, at 170 °C
and 100 bar, using an accelerated solvent extractor (ASE-300,

Dionex), with fresh extraction buffer added at each step. Salts

and low molecular weight compounds were removed by dialysis

using Spectra/Por 3 membranes (Spectrum) and the extracts were

freeze-dried. Extracts (3 mg) were dissolved at 2 mg/mL in

dimethyl sulfoxide (DMSO Anhydrous, Sigma-Aldrich) with 0.5%
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w/w LiBr (Anhydrous free-flowing Redi-Dri, Sigma-Aldrich) at 60

°C, and filtered through 0.45 um PTFE syringe filters (VWR) and

analysed by size exclusion chromatography coupled to refractive

index and UV-detectors (SECurity 1260, Polymer Standard

Services, Mainz, Germany). The separation was carried through

GRAM Analytical columns of 100 and 10 000 �A (Polymer

Standard Services, Mainz, Germany) at a flow rate of 0.5 mL/

min and 60 °C. The columns were calibrated using pullulan

standards between 345 and 708 000 Da (Polymer Standard

Services, Mainz, Germany).

The sugar composition of extracts and solids (wood powder

starting material and residues) were determined by methanolysis

and two-step sulfuric acid hydrolysis, respectively. For methanol-

ysis, 1 mg of samples were incubated with 1 mL of 2 M HCl in dry

methanol for 5 h at 100°C, neutralized with pyridine, dried under

inert gas and further hydrolyzed with 2 M trifluoroacetic acid (TFA)

at 120°C for 1 h. The hydrolysates were dried and dissolved in

water prior to analysis. Sulfuric acid hydrolysis was performed by

incubating 1 mg of sample with 125 lL of 72% sulfuric acid at

room temperature for 1 h, dilution with 1375 lL of deionized

water and subsequent incubation at 100°C for 3 h as described

by Saeman et al. (1954). Hydrolysates were diluted with MilliQ

water, filtered through 0.2 mm syringe filters (Chromacol 17-SF-

02-N) into HPAEC-PAD vials and analysed by HPAEC with pulsed

amperometric detection (HPAEC-PAD) using a Dionex ICS-6000

system equipped with a CarboPac PA1 column (4 9 250 mm,

Dionex) held at 30°C and using the eluent gradients previously

reported (McKee et al., 2016). Quantification of carbohydrate

composition (hydrous form) was performed by standard calibra-

tion of ten monosaccharides (Ara, Rha, Fuc, Xyl, Man, Gal, Glc,

GalA, 4-O-MeGlcA and GlcA) with concentrations between 0.005

and 0.1 g/L.

Porosity analysis

The surface area of wood powder (particle size 100–500 lm) was

analysed as described in Pramod et al. (2021). Briefly, samples

were subjected to degassing using a SmartPrep Degasser

(Micromeritics) to remove nonspecific adsorbents and analysed

with a single-point TriStar 3000 Brunauer–Emmett–Teller (BET)

Analyser (Micromeritics, Atlanta, GA). Four biological replicates of

selected transgenic lines and eight biological replicates of WT

were analysed, each in triplicate.

Pilot-scale pretreatment

Three transgenic lines of the 2OGD construct and WT hybrid

aspen from the field were used in a pilot-scale saccharification at

RISE Processum, €Ornsk€oldsvik, Sweden. Stems were dried with

the bark and roughly ground to chips. Six samples (three WT

samples and three transgenic lines), each represented by approx.

8 kg of pooled stem material from four trees, were subjected to

thermochemical pretreatment in technical duplicates, each dupli-

cate in a separate experiment, in a 40-litre steam-explosion

reactor, using sulfuric acid as catalyst and uniform retention times

and temperature settings for all samples. The saccharification

potential of the pretreated materials was evaluated by enzymatic

hydrolysis for 0, 1, 2, and 3 days, after which their sugar yields

were analysed in triplicates as described above.

Statistical analyses

Statistical analyses, data processing and graphs preparation

were performed using R (v3.4.0; R Core Team, 2019) and

Python (Van Rossum and Drake, 2009). Similarity of individual

lines to WT was evaluated by a Dunnett’s test in R using the

multicomp (Hothorn et al., 2008). Multivariate statistical mod-

elling was done for 49 traits (Table S3) and nine genotypes.

Contributions of selected traits to glucose yield in saccharifica-

tion were estimated by Orthogonal Projections to Latent

Structures (OPLS) and Variable Influence on Projection (VIP;

Galindo-Prieto et al., 2014) model, using SIMCA software

(version 17.0.0.0, Sartorius Stedim Data Analytics AB, with

built-in options). The data were subjected to UV scaling prior to

analysis. For each trait, the total, the predictive and the

orthogonal VIP values were exported. Cut-off for significant

traits, which predicted Glc yields was set to VIPpredictive > 1 and

VIPtotal – 95% CI > 0.
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