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ABSTRACT

Seed-based propagation of Miscanthus offers scalable potential for expanding bioenergy production; however, early establish-
ment remains a major limitation due to poor plug vigour and variable field performance. This study evaluated the influence of
selected biostimulants and phytohormones on germination, growth, biomass allocation, and photosynthetic efficiency in three
Miscanthus seed-based hybrids (GNT3, GNT14, and GNT43) grown under controlled glasshouse conditions. Five treatments
were applied—Liquid Ice, MicroPull, indole-3-acetic acid (IAA), 1-naphthaleneacetic acid (NAA), and an untreated control—
during the plug phase. ANOVA revealed strong hybrid-dependent responses. Liquid Ice and IAA significantly enhanced stem

elongation, total biomass, and photosynthetic capacity ®ETR _, , I, ), while also shifting biomass allocation toward above-ground

max’
structures. MicroPull, in contrast, delayed germination and reduced photosynthetic parameters in certain hybrids, though it
improved initial quantum yield (x) at low light intensities. Enhanced root and bud development under Liquid Ice and NAA
treatments suggests improved plug vigour and potential for stronger field establishment. The observed morphological and phys-
iological modifications indicate that targeted PGR use can simultaneously enhance early growth, resource allocation, and pho-
tosynthetic performance in Miscanthus. Additionally, the findings highlight the importance of hybrid-specific optimization of
PGR regimes to improve plug quality and establishment success, advancing the scalability of seed-based Miscanthus systems for

sustainable bioenergy production and net-zero carbon targets.

1 | Introduction below-ground biomass or contributing it to the soil through

leaf litter and root turnover (Clifton-Brown et al. 2007; Dang

Miscanthus is a leading candidate in the pursuit of sustainable
bioenergy, owing to its high biomass yield, low input require-
ments, and adaptability to diverse environmental conditions
(Winkler et al. 2020). As a C4 perennial grass, Miscanthus offers
considerable promise in meeting global renewable energy tar-
gets and advancing the transition to net-zero emissions (Clifton-
Brown et al. 2019). C4 plants like Miscanthus are particularly
efficient at sequestering atmospheric carbon, storing it in their

et al. 2025). Since only the above-ground biomass is harvested
annually, the sequestered carbon remains largely undisturbed
in the soil (Dewi et al. 2022). Furthermore, Miscanthus offers
a highly cost-effective alternative to fossil fuels, up to 30 times
cheaper in some cases (Hastings et al. 2009; Wu et al. 2021), and
its utility extends beyond bioenergy, with applications across
various industries, which is well documented in Shavyrkina
et al. (2023).
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Traditionally propagated via rhizomes, Miscanthus is now in-
creasingly being developed through seed-based hybrids, which
offer several advantages such as scalability, genetic diversity,
and potential in reducing establishment cost compared to
rhizome-based propagation (Lewandowski et al. 2016; Clifton-
Brown et al. 2017), although the increased diversity may result
in greater variability in early growth and establishment. Also,
direct sowing of seeds into the field often results in poor estab-
lishment, particularly in temperate regions where environmen-
tal stress can hinder early seedling development (Clifton-Brown
et al. 2017; Ashman et al. 2018). To overcome this, raising
seedlings as plugs in controlled environments prior to field
transplanting has become a widely accepted alternative. This
approach has been shown to achieve up to 95% establishment
success, compared to approximately 20% from direct sowing
(Hastings et al. 2017; Ashman et al. 2018). However, plug-based
systems remain constrained by the resource demands of green-
house production, including energy, labour, substrate, and
transport requirements, which collectively contribute to in-
creased establishment costs (Wu et al. 2021). This reflects a
fundamental trade-off in plug propagation: extended nursery
cultivation improves seedling size and establishment reliability
but increases input costs. Optimising this balance remains a key
challenge in scaling Miscanthus plug production (Clifton-Brown
et al. 2017; Ashman, Wilson, et al. 2023).

Plug production has suffered some setbacks in deployment, par-
ticularly relating to variability in germination and early seed-
ling establishment. These issues may arise from factors such as
seed maturity at harvest, threshing damage, storage conditions
and duration, and sowing accuracy (Clifton-Brown et al. 2017).
Beyond this, plug-grown plants, although more physiologically
advanced than dormant rhizomes, can be more vulnerable to
climatic extremes due to their active metabolism. These plugs
require rapid root extension into the surrounding soil to ac-
cess moisture, which is critical for early establishment success
(Ashman, Awty-Carroll, et al. 2023). To safeguard against soil
moisture loss and improve plug-to-field contact, mulch film has
become essential for first-year survival, but it also adds con-
siderable material and labour costs (Ashman, Awty-Carroll,
et al. 2023). Additionally, to withstand increasingly erratic win-
ters and ensure second-year emergence, early development of a
robust rhizome during the plug stage or in the first year is vital;
a significant agronomic challenge under climate stress (Zheng
et al. 2021).

Current research efforts are focused on optimising the perfor-
mance of these plugs. For instance, Wu et al. (2021) explored
techniques such as supplemental lighting, heating, and varia-
tion in compost type and volume to improve plug development.
Despite these advances, there remains room for improvement,
especially in enhancing plug vigour and transplant success.
One promising strategy lies in the application of biostimulants
and phytohormones, which are known to influence key phys-
iological processes such as root development, stress tolerance,
and growth rate (Pietrini et al. 2011; Szpunar-Krok et al. 2024).
While auxin, gibberellin, cytokinin, and other compounds
have shown potential in boosting plant establishment, most
studies in Miscanthus have focused on using them in rhizome
propagation. For example, Fei et al. (2020) demonstrated im-
proved biomass production through the use of soil microbes and

biostimulants, and Katelevskij et al. (2020) reported increases in
height, shoot number, biomass, and energy output. In contrast,
Pidlisnyuk et al. (2022) observed mixed results, with only one
out of three plant growth regulator treatments producing a pos-
itive response.

Though limited in Miscanthus, research from other crops pro-
vides supporting evidence for the use of growth regulators at
the seedling stage. Tang et al. (2024) found that pre-transplant
treatment of rice seedlings (plugs) with mixed growth regula-
tors enhanced root systems and yield, particularly when applied
10days before transplanting. Similarly, Li et al. (2016) reported
reduced transplant shock in rice seedlings pre-treated with tria-
contanol, owing to improved growth and antioxidant responses.
Other studies have explored the use of growth retardants to
control seedling overgrowth; for example, Duong et al. (2024)
showed that prohexadione-calcium significantly reduced height
and leaf area in maize, a C4 annual grass, making it a potential
tool for managing seedling size pre-transplant.

In this context, the application of biostimulants and phytohor-
mones during the plug stage presents a promising strategy to
enhance seedling vigour, promote early growth, and improve
the post-transplant establishment of Miscanthus. While their
benefits have been demonstrated in other crops, their effects
on Miscanthus plugs remain underexplored. This study aims to
evaluate the potential of such treatments to improve plug per-
formance by assessing key growth parameters, including ger-
mination, biomass accumulation, root and shoot development,
and photosynthetic efficiency. Through this investigation, the
research seeks to contribute to the optimisation of plug-based
propagation systems for Miscanthus, ultimately supporting its
scalability and role in sustainable bioenergy production and cli-
mate mitigation efforts.

2 | Materials and Methods
2.1 | Plant Materials and Growth Conditions

The plant materials used in this study were three seed-based
Miscanthus X giganteus J.M. Greef & Deuter ex Hodk. & Renvoize
hybrids (M. sacchariflorus x M. sinensis). These hybrids were
GNT3 (Artemis), GNT14 (Brontes), and GNT43 (Aphrodite) and
were all derived from the Giant-link Miscanthus project. Full
information for each hybrid is available in the CPVO Register
under their respective denomination names (Artemis, Brontes,
and Aphrodite). These hybrids are commercially relevant hy-
brids and were provided by Terravesta Ltd. (a UK-based com-
pany specialising in the commercial development and supply of
Miscanthus for sustainable biomass production). This research
was carried out in the research glasshouse of Liverpool John
Moores University (53°2445.1"” N, 2°58'47.7""W). Throughout
the experiment, the glasshouse temperature and humidity aver-
aged 19°C and 50%, respectively. A 16/8-h light/dark cycle was
achieved using supplementary Kroptek KP4 broad-spectrum
LED lighting, to compensate for the limited natural daylight
conditions in winter months. The seeds were sown on com-
post (Levington Multipurpose Compost) in 12-celled seed trays
(Mixceco). Three seeds were sown per cell, and upon successful
germination, they were thinned to one seedling per cell. They
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FIGURE1 | Panel(a) shows the layout of hybrids within each block of treatment; panel (b) maps the specific PGR treatment and replicate number
to individual tray starting positions; panel (c) is a representative photograph of one complete block of the 12-celled trays.

were sown on January 26, 2024, and the lids (supplied with
the trays) were left on for 2weeks after sowing to maintain a
humid environment, which is essential for Miscanthus seed
germination.

2.2 | Experimental Design

A split-plot randomised complete block design (RCBD) was
used to minimize environmental variation (randomisation was
done in MS Excel using the RAND function). The experiment
consisted of 6 blocks for each treatment, and each contained 4
replicates of the three hybrids (Figure 1). To further reduce po-
sitional effects within the growth environment, trays were repo-
sitioned weekly, ensuring more uniform exposure to light and
temperature across treatments rather than maintaining a fixed
spatial block structure.

2.3 | Plant Growth Regulator Treatments

Seed trays received one of five watering treatments: untreated
water (Control), Liquid Ice (LI), MicroPull (MP), indole-3-
acetic acid (IAA) or 1-naphthaleneacetic acid (NAA). Selection
of these plant growth regulators was informed by a 1-week
preliminary seed germination test and 6weeks growth moni-
toring that identified these compounds as having promising ef-
fects on early-stage Miscanthus growth and development. Full
list of Biostimulant and phytohormones tested is included as
Supporting Information (Table S2). Although the exact compo-
sition of liquid Ice and micropull were not explicitly disclosed
by the suppliers, both were reported to contain microbial inoc-
ulants, humic acid, amino acid, hormone precursors, and trace
micronutrients. These classes of compounds are commonly used
in biostimulant formulations to enhance nutrient uptake, stress
tolerance, and growth responses (Cristofano et al. 2021; Kaushal
et al. 2023). Treatments were delivered by adding the solution to
drain trays beneath each seed cell block. The two biostimulants

liquid ice and micropull were applied at 0.5 and 1mLL™}, re-
spectively. The two auxin phytohormones IAA and NAA were
applied at 2mLL™1, and 0.2mgL™}, respectively. All concentra-
tions followed the manufacturers' recommended dose or half of
it based on preliminary tests. Each treatment was administered
at least once weekly for 10weeks, after which all trays received
only water for the remainder of the study (6 more weeks).

2.4 | Data Collection and Measurements
2.41 | Growth Monitoring

Stretched height (distance from stem base to the tip of the tallest
leaf (Nunn et al. 2017)) was measured weekly with a standard
metric ruler.

2.4.2 | Photosynthesis

Photosynthetic parameters were assessed using a FluorCam
800MF imaging fluorometer (Photon Systems Instruments,
Drasov, Czech Republic) 2weeks after germination.
Measurements followed an adjusted version of the Rapid Light
Curve (RLC) with far-red pre-illumination protocol described
by Herdean (2022), optimized for Miscanthus plug experi-
ments. Plants were kept in dark conditions for 30 min before the
quenching kinetic analysis to ensure maximum photochemical
efficiency of photosystem II (PSII) (Miiller and Munné-Bosch
2021; Murchie and Lawson 2013).

For the quenching kinetic analysis, a 5s baseline fluorescence
(Fo) was recorded, followed by an 800 ms saturating pulse of ap-
proximately 2000 umolm=2s7to determine maximum fluores-
cence (Fm). Actinic light was then applied in eight incremental
steps (300-1500 pmolm=2s71), each lasting 60s, during which
steady-state fluorescence (Ft') and maximum light-adapted flu-
orescence (Fm’) were measured. From these measurements,
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standard RLC parameters were derived, including maximum
relative electron transport rate ('"ETR _, ), the initial slope of the
curve (@), and the light saturation point (Ik), following estab-
lished approaches (Baker 2008; Ralph and Gademann 2005).

2.4.3 | Final Harvest Metrics

Atexperiment's end, fresh above- and below-ground biomass was
separated and weighed on a precision balance (Ohaus: Scout).
The harvested samples were dried in an oven (Carbolite) at 90°C
until constant weight, defined as no further change over a 24h
period. To verify this, a subset of samples (6) was reweighed at in-
tervals of at least 6h, after which all samples were weighed once
the constant-weight criterion was met. Root number was quan-
tified as the count of primary roots emerging directly from the
crown, excluding lateral branching. Tiller number was defined
as the number of distinct shoots emerging from the base of the
plant, each possessing its own leaf whorl. Bud number was re-
corded as visible axillary buds at the stem base. Leaf number was
counted as fully emerged leaves per plant. Ligule (stem) height
was measured with a standard metric ruler. Basal diameter was
measured at the stem base (approximately 1cm above the sub-
strate surface) using a digital Vernier caliper.

2.4.4 | Germination Assessments

Monitored every other day after sowing, days to germination
were measured and final percentage germination was taken
after 14days. Germination was defined as the visible emergence
of a green shoot from the seed. Percentage germination (PG) was
calculated as: PG (%) = (number of germinated seeds/total num-
ber of seeds sown per treatment) X 100.

2.5 | Data Analysis

Data were analysed by ANOVA using the “aov” function in base
R (R Core Team 2024), with treatment (PGR), hybrid, and their
interaction specified as fixed effects. The analysis focused on as-
sessing treatment responses within each hybrid, and genotypic
differences are reported where they inform interpretation of
treatment effects. Although the experimental design was blocked,
block effects were not included in the model. Preliminary checks
showed minimal block variation, so it was excluded from final
models. For repeated measurements (like plant height), date
was included as an additional factor. Multicollinearity among
fixed effects was evaluated using generalized variance infla-
tion factors (GVIFs) computed via the car package in R (Fox
and Weisberg 2019). All predictors (PGR, hybrid, and date) had
GVIF~(1/(2xDf)) values below 3.5, indicating acceptable lev-
els of collinearity within the factorial model structure (Zuur
et al. 2010). Given the balanced experimental design and the in-
clusion of all relevant interactions, these values were considered
within a tolerable range and did not compromise model inter-
pretation. Post hoc pairwise comparisons were conducted using
the emmeans package (Lenth 2023) with Tukey's HSD adjust-
ment for multiple comparisons. Compact letter displays (CLDs)
were generated using the multcomp package's “cld” function
(Hothorn et al. 2008) to visualise significant differences among

means. All statistical analyses were performed in R, with the
level of significance set at p <0.05. Table S1 summarises ANOVA
p-values for all traits.

To explore integrated trait responses to plant growth regulator
(PGR) treatments across hybrids, a principal component anal-
ysis (PCA) was conducted using centred and scaled trait data.
Variables included key morphological, biomass, and photosyn-
thetic parameters (stretched height, ligule height, growth rate,
tiller count, stem diameter, above- and below-ground biomass,
number of roots, rETR .., &, and I, ). PCA was performed sepa-
rately for each hybrid to visualise treatment-driven multivariate
shifts while avoiding confounding hybrid effects. Ordination
was based on the covariance structure of standardised vari-
ables, an approach widely used for exploring coordinated trait
responses in plant ecophysiology (Jolliffe and Cadima 2016;
Poorter et al. 2012). Treatment groupings were visualised using
95% confidence ellipses.

3 | Results

3.1 | Germination Response to Plant Growth
Regulators

The effects of plant growth regulators (PGRs) on seed germi-
nation timing and percentage varied by Miscanthus hybrids.
In terms of days to germination (Table 1), no significant differ-
ences were observed among treatments for GNT3 or GNT43.
However, for GNT14, seeds treated with MicroPull germinated
significantly later than those in all other treatments (p <0.05),
indicating a potential inhibitory effect of this treatment on ger-
mination speed.

For percentage germination (Table 1), GNT43 showed no signif-
icant differences across all PGR treatments, maintaining con-
sistently high germination rates above 90%. GNT14 exhibited
moderate germination percentages (ranging between 53%-65%)
across treatments, with no statistically significant differences.
In contrast, GNT3 displayed a more pronounced response:
MicroPull treatment significantly reduced germination percent-
age compared to the control and other PGRs (p <0.05), suggest-
ing a possible negative effect on seed viability or early seedling
development in this hybrid.

Overall, while most PGRs did not significantly influence germi-
nation dynamics in GNT3 and GNT14, MicroPull had a hybrid-
specific inhibitory effect, particularly delaying germination in
GNT14 and reducing germination percentage in GNT3.

3.2 | Total Height and Growth Dynamics

The application of PGRs noticeably enhanced stem elongation
in all three hybrids (Figure 2). Treated seedlings diverged from
controls soon after the first application and maintained this ad-
vantage beyond the cessation of treatment (vertical dashed line).
By the final measurement (14 May 2024), Liquid Ice consistently
produced the tallest plants, averaging approximately 36cm in
GNTI14, 38cm in GNT3, and 37cm in GNT43; roughly 1.7-2X
the height of controls. IAA and NAA treatments also increased
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TABLE 1 | Effects of plant growth regulators on days to germination (DG), percent germination (PG, %), maximum relative electron transport

rate 'ETR

max-

), light saturation point (I,), and initial quantum yield («) in Miscanthus hybrids. Letters indicate significant differences among

treatments within each hybrid, as determined by Tukey's HSD test (p <0.05). Treatments sharing the same letter within a hybrid and parameter are
not statistically different, n==6.

Hybrid PGR DG PG rETR I o
Control 10.00+0.002 80.60+4.652 49.22 +1.592b 149.27 £23.172 0.34+0.014
1IAA 10.29 +0.292 62.50+ 5.592P 48.78 +7.77%0 126.00 +13.002P 0.48 +£0.042P
GNT3 Liquid Ice 10.29 +0.292 62.50+ 6.632P 57.20+0.682 134.00+0.912P 0.43+0.000°
MicroPull 10.29 +0.292 56.90 + 6.94° 42.57 £8.25Y 94.20+9.02° 0.51+0.022
NAA 10.58 +£0.372 65.30+5.012P 51.60 + 10.042P 133.00+11.702 0.41+0.01%4
Control 11.25+0.382 59.70 +£3.982 62.12+7.67° 180.00 +10.102 0.36+0.01°
IAA 10.92+0.472 61.10+4.122 72.40+8.232 199.00 + 8.432 0.37+0.01°
GNT14 Liquid Ice 11.33+£0.422 63.90+7.352 64.66 + 2.36%0 185.00+5.972 0.36+0.01°
MicroPull 13.08+0.72° 52.80+5.56% 46.95+13.43¢ 127.00 +19.90P 0.49+0.042
NAA 11.54+0.842 55.60+4.122 68.35+14.842b 210.00 +18.602 0.36£0.02°
Control 10.00+0.00 2 93.10+3.982 29.75+1.23¢ 49.20+1.30° 0.61+0.012
IAA 10.00+0.00 2 97.20+2.782 69.68 +4.722 193.00+6.612 0.37+0.01°
GNT43 Liquid Ice 10.00+0.00 2 97.20+1.722 68.82+6.742 192.00+8.922 0.37+0.01°
MicroPull 10.00+£0.00 2 94.40+2.782 53.48 +13.38P 137.00 + 14.30 0.42+0.01°
NAA 10.00+0.00 2 93.10+2.562 62.22+7.172b 171.00 + 8.10%P 0.37+0.01°
GNT3 GNT14 GNT43
404
304
B PGRs
g, 20 @ Control
3 & 1AA
% - Liquid Ice
g 10, o MicroPull
& W NAA
1
o4 :
c
aaaaaabaalababab aaaaaababalbababab aaaaaabaaI a a a
E 334435 adcaB 3 ggggga%acacaccagc 3 592583 Dh 33
_10_g ggggga%acic t?C a aaa aa a beC bc C C a aaaaaa a g a a a
oF & & IR G I S & & ,ﬁ\@ P @@ W@”‘\ F & & m%&\ PO @@ W@
Date (2024)
FIGURE 2 | Stretched height of Miscanthus plug under PGR treatments. Weekly measurements of stretched height (cm) from 14 February to 14

May 2024 for hybrids GNT14, GNT3, and GNT43. Solid lines represent the period of PGR application, the vertical dashed line marks treatment ces-

sation; data are mean + SE (n=6).

final height relative to the control, whereas MicroPull had a
more modest effect.

Average daily growth rate (Table 2) mirrored these pat-
terns: Liquid Ice achieved the highest mean rates in GNT14
(0.34cmday™) and GNT3 (0.35cmday?), both significantly

above control (0.21cmday~! and 0.20cmday~!, respectively;
Tukey's HSD, p<0.05). In GNT43, Liquid Ice, MicroPull,
IAA, and NAA all yielded elevated rates (~0.31-0.36 cmday ™)
compared to control (0.19cmday). MicroPull
did not differ significantly from control in any hybrid except
in GNT43.
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Daily height increment profiles (Figure 3) reveal an early, sharp
peak in growth for Liquid Ice and TA A, occurring approximately
3-5weeks after sowing, followed by a gradual decline until treat-
ment ended. However, IAA and NAA-treated plants exhibited a
secondary resurgence in growth rate post-treatment, whereas
control and MicroPull treatments maintained a slow but steady
increase throughout the experiment.

3.3 | Ligule Height Response to PGR Treatments

Ligule height responded differently to PGR application across the
three Miscanthus hybrids (Table 2). In GNT43, all four treatments
produced a significant increase in ligule height compared to the
control (p<0.05), with Liquid Ice stimulating the highest mean
height (~12.70cm), followed closely by IAA, NAA, and MicroPull.

TABLE 2 | Effects of plant growth regulator treatments on ligule height (LH, cm), growth rate (GR, cm/day), stem diameter (SD, cm?), number
of roots (NR), number of tillers (NT), number of buds (NB), and Root: shoot ratio (RS) in Miscanthus hybrids. Letters indicate significant differences
among treatments within each hybrid, as determined by Tukey's HSD test (p <0.05). Treatments sharing the same letter within a hybrid are not

statistically different, n=6.

Hybrid PGR LH GR SD NR NT NB RS
Control 6.93+0.97° 0.2+0.01b 1.57+0.09®  6.83+0.95> 1.00£0.00® 0.33+0.14*  1.11+0.15?
IAA 12.40+1.25%>  0.32+0.03a 1.76+0.09%> 8.83+0.602> 1.00+0.00®8 0.83+0.19%  0.58+0.12°
GNT3 Liquid Ice  15.40+1.322  0.35+0.03a  2.01+0.08 11.30+1.02% 1.04+0.04®° 1.00+0.24®  0.66+0.05"
MicroPull  8.71+0.27°¢  0.26+0.0lab 1.61+0.072® 8.00+0.45° 1.06+0.06® 0.60+0.13%  0.84+0.06a"
NAA 9.32+0.58>°  0.28+0.02ab 1.70+0.072> 8.50+0.76*> 1.00+£0.00* 0.79+0.15*  0.66+0.07°
Control 6.43+0.69° 0.21+£0.02b  1.45+0.09%> 6.50+0.43% 1.04+0.04* 0.88+0.282° 0.87+0.092
IAA 9.36+1.372>  0.30+0.04ab  1.17+0.04®> 6.83+0.40*° 1.21+0.16*° 1.01+0.21?>  0.66+0.08*
GNT14 LiquidIce 11.00%£1.10*° 0.34+0.03a  1.68+0.10*8  7.50%+0.56* 1.29%+0.21* 1.43+0.12*  0.68+0.07%
MicroPull ~ 7.07+0.88°  0.24+0.02ab  1.39+0.072®  6.00+0.26 1.17+0.128  0.63+0.17°  0.89+0.05?
NAA 6.86+0.68°  0.25+0.02ab 1.52+0.08%>  7.33+0.762 1.21+0.10® 0.94+0.252® 0.71+0.122
Control 6.20+0.45°>  0.19+0.02b  1.42+0.22*  5.00+0.73° 1.00+0.00° 0.58+0.24¢  1.03+0.18"
IAA 11.70£1.00®  0.34+0.03a  1.53+0.17*  8.67+1.232> 1.00+0.00* 1.04+0.18>¢  0.75+0.16*
GNT43 LiquidIce 12.70+0.98* 0.36+0.03a  1.74+0.08*  10.8+0.60° 1.10%£0.06*® 2.00+0.00*  0.87+0.062
MicroPull  10.4+0.682 0.31+0.02a  1.36+0.13* 8.17+0.91?> 1.18+0.09* 1.03+0.28>°  0.95+0.11*
NAA 12441328 0.34+0.03a  1.75+0.11* 7.00+0.68* 1.06+0.06* 1.67+0.22*®  0.74+0.07%
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FIGURE 3 | Estimated daily height change profiles for Miscanthus plug seedlings. Line plots of mean daily height increment (cmday), faceted
by hybrid (rows) and PGR treatment (columns). Symbols indicate mean + SE (n = 6). The vertical dashed line indicates the final PGR application date.
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Biomass (g DW)

Plant Part
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Control IAA Liquid Ice  MicroPull NAA Control IAA

Liquidlce MicroPull  NAA Control 1AA

Liquidlce MicroPull  NAA

Plant Growth Regulators

FIGURE4 | Biomass production (g DW) of Miscanthus hybrids (GNT14, GNT3, and GNT43) subjected to different plant growth regulator (PGR)
treatments. Coloured bars represent above-ground biomass (leaves and stems; green) and below-ground biomass (roots; brown) + SE (n = 6). Different

letters above error bars indicate significant differences among treatments within each hybrid and plant part (Tukey's HSD, p <0.05).

In GNTI4, only Liquid Ice resulted in a statistically signifi-
cant increase in ligule height (~11.00 cm) relative to the control
(~6.20cm; Tukey's HSD, p<0.05). IAA, MicroPull, and NAA
treatments did not differ significantly from the control.

In GNT3, Liquid Ice yielded the tallest ligules (~15.40cm),
significantly surpassing the control (x6.93cm; Tukey's
HSD, p<0.05). IAA produced an intermediate ligule height
(~12.40cm), which was also significantly greater than the
control but did not differ statistically from the Liquid Ice,
MicroPull, or NAA treatments. Both MicroPull and NAA
treatments (~8.70cm and ~9.32cm, respectively) were not sig-
nificantly different from the control.

Overall, Liquid Ice consistently enhanced ligule elongation
in all hybrids, while IAA showed a significant effect in both
GNT3 and GNT43, and a minimal, non-significant trend in
GNT14. Other treatments exhibited significant benefits only
in GNT43.

3.4 | Biomass Production and Allocation

Biomass accumulation varied significantly among treatments
and across Miscanthus hybrids (Figure 4). All treatments re-
sulted in higher biomass than controls, with Liquid Ice con-
sistently producing the greatest increases. In GNT14, Liquid
Ice notably increased both above-ground (leaves and stems)
and below-ground (roots) biomass. In GNT3, Liquid Ice and
IAA treatments significantly enhanced biomass production
compared to the control, with both treatments demonstrating
similarly strong performance. GNT43 exhibited a notable in-
crease in above-ground biomass with IA A treatment; however,

the data showed substantial variability. Liquid Ice, by contrast,
reliably enhanced biomass production above controls with
lower variability. NAA and MicroPull consistently resulted
in moderate biomass increase relative to controls across all
hybrids.

Consistent with these patterns, root-shoot ratios (RS, Table 2)
showed a clear shift in allocation under Liquid Ice, IAA, and
NAA, with all three treatments reducing RS relative to the con-
trol in each hybrid. This indicates proportionally greater invest-
ment in above-ground structures under these PGRs, whereas
control and MicroPull treatments maintained higher RS values,
reflecting more conservative, root-biased allocation.

Biomass allocation patterns also differed distinctly between
treatments (Figure 5). In all three hybrids, control and
MicroPull treatments consistently favoured below-ground
biomass allocation (roots), accounting for approximately
46%-52% of total biomass. Treatments with Liquid Ice, IAA,
and NAA shifted allocation toward above-ground structures
(leaves and stems). This shift was particularly evident with
IAA and Liquid Ice treatments in hybrids GNT3 and GNT43,
where stem biomass proportion notably increased at the ex-
pense of roots.

In summary, Liquid Ice was the most consistently effective
treatment, significantly increasing total biomass production
across hybrids and shifting biomass allocation toward above-
ground growth. IAA showed strong but variable effects, espe-
cially prominent in GNT43. Control and MicroPull treatments
exhibited greater root allocation and lower total biomass accu-
mulation, highlighting different physiological growth strategies
induced by the tested PGR treatments.
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FIGURE 5 | Dry biomass allocation patterns in Miscanthus hybrids (GNT14, GNT3, and GNT43) under various PGR treatments. Bars indicate
mean biomass distribution (%) among plant components (roots, stems, leaves) for each treatment within hybrids. Percentages reflect the proportional

allocation averaged across replicates.

3.5 | Number of Roots

The response of root number to PGR treatments was hybrid-
specific, with significant treatment effects observed in hybrids
GNT3 and GNT43, but not in GNT14 (Table 2). In GNT3, Liquid
Ice treatment significantly increased the mean number of roots
compared to the control and MicroPull treatment. In GNT43,
Liquid Ice again resulted in the highest mean root number,
significantly exceeding both the control and NAA treatment.
Treatments with IAA and MicroPull also significantly enhanced
root production relative to the control in GNT43. In contrast,
hybrid GNT14 exhibited no statistically significant variation in
root numbers across the treatments.

3.6 | Tillers and Buds (Basal Axillary Buds)

The response of tiller and bud production to PGR treatments
varied among the Miscanthus hybrids (Table 2). In GNT43,
Liquid Ice and NAA significantly enhanced bud numbers com-
pared to the control, with Liquid Ice yielding the highest mean
bud count. No significant differences in tiller numbers were de-
tected among treatments for GNT43. In hybrid GNT14, Liquid
Ice significantly increased bud production relative to MicroPull
treatment; however, tiller numbers remained unaffected across
all treatments. On the other hand, hybrid GNT3 showed no sig-
nificant treatment-induced differences in either tiller or bud
numbers, indicating hybrid-specific responsiveness.

3.7 | Stem Diameter

Stem diameter responses to plant growth regulator treatments
varied notably among the hybrids, with significant treatment

effects observed primarily in GNT14 and GNT3 (Table 2). In
GNT14, Liquid Ice treatment significantly increased stem di-
ameter compared to TAA but was not significantly different
from the control, MicroPull, or NAA treatments. In hybrid
GNTS3, Liquid Ice again produced the biggest stem diameter,
significantly surpassing the control treatment; however, dif-
ferences between Liquid Ice and the remaining treatments
(TAA, MicroPull, NAA) were not statistically significant.
Hybrid GNT43 displayed no significant differences among
treatments, despite the visibly higher mean girth values under
NAA and Liquid Ice treatments compared to MicroPull and
the control. Overall, Liquid Ice consistently enhanced stem
diameter, particularly in GNT3 and GNT14 when comparing
with TAA, indicating a genotype-dependent response to PGR
application.

3.8 | Photosynthetic Parameters

Photosynthetic responses to PGR treatments varied notably
across the hybrids, with genotype-dependent patterns observed
for maximum relative electron transport rate dETR__ ), initial
quantum yield («), and light saturation point (I).

max:

For maximum relative electron transport rate (ETR_,
Table 1), IAA produced the highest rETR , values in GNT14,
significantly exceeding both control and MicroPull treatments.
In GNT3, Liquid Ice treatment significantly elevated rETR-
max compared to MicroPull but was not significantly different
from other treatments. Similarly, GNT43 plants treated with
IAA and Liquid Ice showed significantly higher rETR _, val-
ues than those treated with MicroPull or control. MicroPull
consistently exhibited the lowest rETR . values across all
hybrids.
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FIGUREG6 | Principal componentanalysis (PCA) of morphological, biomass, and photosynthetic traits for Miscanthus hybrids under plant growth

regulator treatments. Points represent individual replicates; ellipses indicate confidence intervals. Trait loadings are shown as vectors (A, ik; B,

etr_max; C, above ground biomass; D, below ground biomass; E, buds; F, tillers; G: growth rate; H, stretched height; I, ligule height; J, stem diameter;

K, number of roots; L, alpha).

For the initial slope of the light curve («, Table 1), MicroPull
treatment resulted in the highest a values in GNT14 and GNT3,
significantly exceeding all other treatments. In contrast, GNT43
exhibited a distinct response, with control plants having the
highest o value, significantly greater than all other treatments.

The light saturation point (I, Table 1) was significantly af-
fected by the treatments in a hybrid-specific manner. In GNT14,
MicroPull significantly decreased I, compared to all other treat-
ments. For GNT3, MicroPull similarly resulted in significantly
lower I, values than the control, with intermediate responses
from other treatments. In GNT43, Liquid Ice and TAA treat-
ments produced the highest I, values, significantly greater than
those of the control and MicroPull.

Overall, these results illustrate complex and hybrid-specific
photosynthetic responses, highlighting IAA and Liquid Ice as
consistently effective at enhancing photosynthetic performance
(rETR,, and I,), while MicroPull influenced initial quantum
yield (&) most notably in GNT14 and GNT3.

3.9 | Principal Component Analysis

Principal component analysis (PCA) indicated moderate, hybrid-
dependent multivariate responses to PGR treatments (Figure 6),
with PC1 (38%) associated primarily with plant size, biomass ac-
cumulation, and photosynthetic capacity, and PC2 (17.4%) reflect-
ing variation in photosynthetic efficiency and allocation-related
traits. In GNT3, Liquid Ice showed partial separation from the
control along PC1, while IAA, NAA, and MicroPull exhibited
considerable overlap. In GNT14, treatment groups largely over-
lapped, with only a slight shift of Liquid Ice towards higher PC1

values. In GNT43, clearer separation of the control from treated
plants was observed along PC1, although overlap among PGR
treatments remained. Overall, PCA revealed only limited sepa-
ration among treatments, indicating that multivariate responses
were modest and strongly genotype dependent.

4 | Discussion

This study demonstrates that PGR treatments applied during
the plug stage influence early development in Miscanthus hy-
brids. These effects vary among hybrids and extend to biomass
accumulation and photosynthetic function. Among the treat-
ments evaluated, Liquid Ice and TAA were the most effective,
promoting significant increases in plant height, total biomass,
stem girth, ligule length, and photosynthetic performance. In
contrast, MicroPull exhibited hybrid-specific effects, occasion-
ally suppressing germination or limiting growth responses.

4.1 | Germination and Early Establishment

MicroPull had been observed to delay germination in GNT14
and reduce germination percentage in GNT3 (Table 1), under-
scoring the complex and hybrid-dependent nature of its response
during the earliest establishment phase. In contrast, auxin-based
treatments (IAA, NAA) and Liquid Ice did not negatively affect
germination dynamics in any hybrid, supporting evidence from
other crop systems that carefully selected or dosed auxins can be
well-matched with high establishment rates (Zhao et al. 2020; El-
Mergawi and Abd El-Wahed 2020; Ellouzi et al. 2024). The lack
of effect in GNT43 suggests some hybrids may be intrinsically
less sensitive to either the inhibitory or promotive aspects of these
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compounds during seedling emergence. Such findings highlight
the importance of hybrid selection when designing PGR proto-
cols for Miscanthus plug production. It is equally possible that a
different dosage is required to command any effect.

4.2 | Root and Axillary Development (Number
of Roots, Tillers, and Buds)

Root and axillary organ development demonstrated hybrid-
specific sensitivity to PGR treatments. In GNT3 and GNT43,
Liquid Ice substantially increased the number of main roots
compared to the control (1.7 and 2-fold increase, respectively),
with TAA and MicroPull also enhancing root proliferation in
GNT43 (Table 2). In GNT14, no treatment effects were detected.
Tiller production was generally unresponsive to PGR treatments
(Table 2), indicating that early tillering may be more geneti-
cally constrained under plug conditions. However, bud number
showed selective responsiveness; in GNT43, both Liquid Ice and
NAA significantly increased bud production relative to the con-
trol, and in GNT14, Liquid Ice increased bud count compared
to MicroPull. These results suggest that while some PGRs can
promote root and bud initiation in a hybrid-specific manner, til-
lering is less plastic at the plug stage. Enhanced root and bud
formation may underpin improved plug vigor and later field
establishment, as documented in other studies (Williamson
et al. 2012; Tang et al. 2024).

4.3 | Vegetative Growth and Biomass Allocation

The pronounced enhancement of stretched plant height by
Liquid Ice and IAA across all hybrids (Figure 2) is likely at-
tributable to auxin-mediated stimulation of cell division and
expansion, as well as improved nutrient assimilation associated
with biostimulant action (Fei et al. 2020). Notably, these treat-
ments not only increase total biomass by up to 2.5-fold but also
shifted allocation toward above-ground organs (Figures 4 and
5). While increased shoot biomass is advantageous for eventual
bioenergy yield (Heaton et al. 2008), its role during early estab-
lishment remains complex, as perennial grasses often prioritise
below-ground development to support persistence. However,
greater early shoot growth may enhance carbon assimilation
and thereby increase assimilate availability for subsequent root
and rhizome development, as suggested by coordinated biomass
allocation frameworks (Poorter et al. 2012; Reich 2014). In con-
trast, the greater root allocation observed in MicroPull and con-
trol treatments (Figure 5) may enhance early establishment and
stress resilience, indicating a trade-off between above-ground
growth and below-ground investment. Similar PGR-driven
shifts in allocation have been documented in studies in other
plants, reinforcing the broader relevance of these findings
(Severino and Oliveira 2024).

4.4 | Other Structural and Morphological Traits

Structural parameters such as ligule height and stem diameter
(Table 2) also exhibited strong, hybrid-dependent responses to
PGR application. Liquid Ice consistently promoted the greatest
ligule elongation and stem thickening in GNT14 and GNTS3,

likely reflecting enhanced vascular differentiation and cell
wall development under elevated auxin conditions (Lavania
et al. 2021). The limited effect in GNT43 may indicate either a
genetic ceiling for structural response or alternative regulatory
pathways in this hybrid, meriting further anatomical and molec-
ular characterization.

4.5 | Photosynthetic Function

PGR treatments exerted significant effects on photosynthetic
parameters, though responses were highly hybrid-specific. IAA
and Liquid Ice enhanced maximum relative electron transport
rates ({ETR ) and light saturation points (I,) in all hybrids
(Table 1), consistent with improved photosynthetic capacity
and acclimation to higher light regimes (Urbutis et al. 2023).
Interestingly, MicroPull enhanced initial quantum yield (x)
in GNT14 and GNT3 (Table 2), yet suppressed I,, suggesting a
trade-off between efficiency at low light and capacity at high ir-
radiance. These patterns indicate that PGRs may modulate both
the biochemical and biophysical limitations of photosynthesis,
potentially via effects on chloroplast development or pigment-
protein complex assembly (Vercruyssen et al. 2015; Miiller and
Munné-Bosch 2021). Understanding the mechanistic basis for
these hybrid-specific photosynthetic shifts could inform more
nuanced deployment of PGRs in plug propagation.

4.6 | Multivariate Trait Responses to PGR
Treatments

The PCA provides a useful but exploratory perspective on how
PGR treatments influence multiple traits simultaneously in
Miscanthus plugs. Although some directional shifts along PC1
were observed, particularly for Liquid Ice in certain hybrids,
the degree of separation among treatments was generally mod-
est and accompanied by substantial overlap. This suggests that
while PGRs may influence coordinated trait responses related to
plant size, biomass accumulation, and photosynthetic capacity,
these effects are not consistently distinct across all hybrids.

MicroPull showed a tendency to associate with traits linked
to photosynthetic efficiency («) rather than structural growth;
however, this pattern was not strongly separated from other
treatments, indicating only a partial decoupling between effi-
ciency and biomass-related traits. Similar patterns have been
reported under conditions where physiological adjustments
do not directly translate into increased growth (Miiller and
Munné-Bosch 2021).

Overall, the PCA supports the conclusion that responses to PGR
treatments are strongly genotype-dependent but also highlights
the complexity and variability of these responses. Given that
the first two components explained a moderate proportion of
total variance, these multivariate patterns should be interpreted
cautiously and alongside univariate trait analyses. The results
nonetheless reinforce the need for hybrid-specific optimisation
of PGR application strategies, particularly when developing scal-
able plug-based propagation systems under variable environ-
mental conditions (Clifton-Brown et al. 2017; Ashman, Wilson,
et al. 2023).
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4.7 | Leveraging PGR-Induced Morphology
for Better Miscanthus Stand Establishment
and Yield Potential

The slight delay in early shoot emergence observed under
MicroPull or NAA treatments may have implications for the
plug-to-field transition phase rather than initial germination
under controlled conditions. In plug-based systems, seedlings
are transplanted into variable field environments, where syn-
chronisation of active growth with favourable conditions can
influence establishment success. A moderated delay in shoot
expansion may reduce exposure of metabolically active tis-
sues to transient stress events immediately post-transplant, al-
though this remains speculative. Timing of emergence and early
growth has been shown to influence establishment outcomes in
Miscanthus under field conditions (Clifton-Brown et al. 2017),
but the extent to which plug-stage treatments translate to these
dynamics requires further validation.

Furthermore, improved plant height in the first year, particularly
following treatments like Liquid Ice and IA A, can promote faster
canopy closure and light interception, which helps suppress
weed growth and reduces reliance on herbicides. Lewandowski
et al. (2016) highlighted that taller Miscanthus seedlings would
gain a competitive advantage by rapidly overtopping compet-
ing vegetation. This response aligns with the broader concept
of shade avoidance, where vertical growth enables competitive
light capture, a common strategy across many plant species
(Gruntman et al. 2017; Gautrat et al. 2025). Similarly, Ashman,
Awty-Carroll, et al. (2023) emphasized the importance of early
morphological vigour, noting that traits such as increased ligule
height and faster vertical growth contribute to effective weed
suppression in seed-propagated Miscanthus systems.

Biomass allocation, particularly the distribution of assimilates
between shoots and roots, is a key determinant of overwinter
survival and regrowth in perennial bioenergy crops such as
Miscanthus. While these processes are realised in established
stands, allocation patterns are initiated during early develop-
mental stages, including the plug phase. Treatments in this study
altered biomass partitioning at this stage (plug phase), suggest-
ing potential implications for subsequent root reserve formation
and persistence after transplanting. For example, greater root
development has been associated with increased non-structural
carbohydrate storage and improved spring emergence (Heaton
et al. 2008). However, the extent to which these early shifts trans-
late into field performance remains to be determined.

Also, the morphological changes induced by PGR treatments
provide practical opportunities for optimising Miscanthus plug
production. By modulating traits like stem height, ligule elon-
gation, or basal girth, it becomes feasible to tailor plugs to site-
specific challenges, such as maximizing early height for weed
competition or thicker stems for better handling in mechanical
planters. Studies by Ashman, Awty-Carroll, et al. (2023) demon-
strated that seed plug establishment protocols can benefit from
deliberate manipulation of plug morphology to enhance field
performance, while Zheng et al. (2021) highlighted the need for
plug customization based on planting conditions to minimize
establishment failures.

Alterations in photosynthetic parameters, such as increased
rETR .. and I, observed in response to certain PGR treatments
may provide seedlings with a competitive advantage by enhanc-
ing carbon assimilation and increasing energy reserves neces-
sary for rhizome development. Baker (2008) demonstrated that
elevated photosynthetic capacity improves carbohydrate avail-
ability for storage, thereby strengthening resilience and promot-
ing regrowth in perennial species. Similarly, Lee et al. (2021)
emphasized that maximizing the energy potential of bioenergy
grasses requires improving photosynthetic efficiency, particu-
larly under fluctuating light conditions, which are common in
field environments.

From a production perspective, these findings have important
cost implications. Extending the plug phase to achieve larger,
more physiologically developed seedlings can improve estab-
lishment success, but this comes with increased greenhouse
costs, particularly energy, labour, and inputs (Clifton-Brown
et al. 2017; Hastings et al. 2017). The enhanced growth and
biomass accumulation observed under Liquid Ice and IAA
treatments suggest that PGR application may partially off-
set this trade-off by accelerating seedling development within
shorter production windows. Such gains could reduce time-to-
transplant without compromising plant quality, improving over-
all system efficiency.

Finally, Hybrid-specific responses and practical implications
further underscore the complexity of optimizing Miscanthus
establishment through PGR treatments. The strong interac-
tions between PGR treatments and hybrid background observed
in this study emphasize that uniform protocols are unlikely
to maximize performance across different Miscanthus ger-
mplasm. Future research should systematically characterise
dose-response relationships, extend trials to post-transplant
performance in field settings, and investigate underlying phys-
iological and molecular markers of PGR sensitivity. Integrating
plant growth regulator (PGR) applications with complementary
plug optimisation strategies, for example, fine-tuned light, tem-
perature, or substrate management, may result in additive or
even synergistic improvements in crop establishment and yield.
While these interventions can introduce additional production
costs, they may prove essential in regions where conventional
practices have led to poor establishment, offering a critical tool
for adapting to and mitigating the impacts of a changing cli-
mate. Ultimately, developing hybrid-tailored PGR regimes holds
promise for advancing the scalability and resilience of seed-
based Miscanthus bioenergy cropping systems, thereby contrib-
uting to the broader goals of sustainable biomass production and
climate mitigation.

5 | Conclusion

This research provides robust evidence that targeted applica-
tion of plant growth regulators or biostimulants during the plug
stage can significantly enhance early development, resource
allocation, and photosynthetic function of Miscanthus hybrids,
with pronounced hybrid-dependent effects. Liquid Ice and IAA
consistently promoted greater seedling vigour, increased above-
ground biomass, and improved key physiological traits, while
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MicroPull and NAA exhibited more variable or selective effects.
Importantly, the findings highlight that PGR efficacy is not uni-
form across hybrids, underscoring the need for hybrid-specific
management strategies in Miscanthus plug production systems.

The outcomes of this study have direct implications for the op-
timisation of seed-based propagation in Miscanthus, a crop of
strategic importance for sustainable bioenergy. By identifying
effective PGR treatments and clarifying their impacts on early
plant performance, this work lays the groundwork for more scal-
able and reliable plug production protocols. These improvements
in early vigour and biomass allocation may be particularly rel-
evant for establishing Miscanthus on marginal or stress-prone
lands, where successful crop establishment remains a key con-
straint. Future research should extend these findings to field
conditions and explore the mechanistic basis for hybrid-specific
PGR responses. Ultimately, integrating optimised PGR regimes
with other plug production enhancements will accelerate the de-
ployment of Miscanthus as a resilient, high-yielding bioenergy
crop, advancing global efforts toward renewable energy and cli-
mate mitigation.
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ANOVA p-values for treatment (PGR), hybrid, and their interaction
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Table S2: Germination percentage % (G), seedling height (H), and se-
lection outcomes for all biostimulant and phytohormone treatments
tested at full and half dose on GNT3 during the preliminary screening
experiment.
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