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Abstract

Key message Treatment with methyl jasmonate can slow down the healing of stem bark wounds in Norway spruce
seedlings.

Abstract In woody plants, healing of bark wounds is a tolerance trait involved in recovery from stem damage. Yet, little is
known on how wound healing may be affected by plant protection treatments such as methyl jasmonate application (MeJA,
a plant hormone triggering increased resistance to pests). Here, we examined if MeJA can affect healing of an existing and
a subsequently inflicted stem wound on Norway spruce (Picea abies) seedlings, the effect of treatment on plant growth, and
potential trade-offs between healing and resistance to insect damage. Seedlings from 18 full-sib families were mechanically
wounded (or not) on the lower stem and treated with MeJA (or water) one week after. Two months later, another wound was
inflicted and wound area was measured during six months. Growth of non-wounded and wounded seedlings were compared,
and correlations between family estimates of healing rates and field insect damage were examined. We found that MeJA
slowed down wound healing. For the first and second wound, respectively, MeJA-treated seedlings experienced 15% and 9%
slower healing rates, and wounds remained 58% and 69% larger in size compared to water-treated seedlings. Stem wounding
and MeJA together were more detrimental to seedling diameter than height growth, relative to each treatment alone. Finally,
resistance to field insect damage and wound healing rates were not significantly correlated. We conclude that MeJA-mediated
seedling protection may trade-off with bark wound healing, which may be negative for seedling vigor. However, further
studies are needed to evaluate if such effects outweigh the benefits that MeJA provides.

Keywords Bark wound closure - Bark wound sealing - Picea abies - Trade-offs - Conifers - Plant resistance - Induced
resistance - Plant protection - Plant defense

Introduction

Studies on plant resistance to pests have provided a broad
knowledge base from which sustainable alternatives to
reduce damage have been or can be developed (Smith
2005; Walters et al. 2014; Stenberg et al. 2015; Mitchell
et al. 2016). Resistance encompasses those traits that enable
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plants to stop or reduce damage by an attacker (e.g., herbi-
vores and pathogens). For instance, resistance traits such
as secondary chemicals can reduce plant palatability, while
leaf waxes and trichomes can pose physical barriers to insect
pests; such traits can decrease pest performance and dam-
age to crops (e.g., Dalin and Bjorkman 2003; Hariprasad
and Emden 2010; Tian et al. 2012; Santolamazza-Carbone
et al. 2016). Relative to resistance, traits mediating toler-
ance to pests have been less studied (Moreira et al. 2012;
Mitchell et al. 2016; Peterson et al. 2017; Karlsson Green
et al. 2020). Tolerance describes the ability of plants to with-
stand and recover from damage by attackers. To evaluate
tolerance to damage, plant growth and reproduction traits
are often measured and compared before and after attack
occurs (Strauss and Agrawal 1999). One of the drawbacks
of using resistance in plant protection is that pests may
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evolve countermeasures to overcome these traits (e.g., Yates
and Michel 2018). On the other hand, if plant tolerance is
enhanced, little to no selective pressure is imposed on the
pests (Koch et al. 2016; Peterson et al. 2017). This is because
tolerance involves plant compensatory responses that occur
after damage, which do not directly affect the attackers’
physiology or behavior. Yet, the underlying mechanisms
behind what plant responses increase tolerance to pests,
and the factors that can affect it, remain less understood and
mostly under-exploited within plant protection (Koch et al.
2016; Mitchell et al. 2016).

One important tolerance trait for tree species is the abil-
ity to heal bark wounds or injuries caused by insects, fire,
and trampling (Romero 2014; Chano et al. 2015). Stem bark
wounds can damage or destroy vascular tissue, interrupt
nutrient and water transport (Bansal et al. 2013; Romero
2014), or can even facilitate infection by pathogens (Klepzig
et al. 1991; Savatin et al. 2014). A few studies have investi-
gated wound healing in trees and the factors that can affect
it, e.g., in peach trees (Prunus persica) (Biggs 1986a, b),
and in the conifers Abies alba, Picea abies, Pinus sylves-
tris and Larix decidua (Oven and Torelli 1994, 1999; Sch-
neuwly-Bollschweiler and Schneuwly 2012). These studies
have mostly focused on older trees (> 20 years old), yet it
is known that wound healing rates can vary with tree age
(Tavankar et al. 2019). Moreover, stem damage can greatly
impact tree survival, especially in juvenile plants (Stephens
and Westoby 2015). Wound healing may be particularly
important for young plants of Norway spruce (P. abies) and
Scots pine (P. sylvestris) in European forest regeneration
sites, given that these seedlings are attacked by the bark-
chewing insect pest the pine weevil (Hylobius abietis) (Nils-
son et al. 2010). Pine weevils are attracted to areas with
freshly-felled conifer trees since they oviposit in and around
the stump roots (Nordlander et al. 1997). Adults can feed on
the thin stem bark of young and mature trees (Nordlander
et al. 1986; Orlander et al. 2000), but detrimental effects
arise from adults feeding on the stem bark of planted seed-
lings. Seedling herbivory by weevils can lead to girdling
(entire ring of bark removed around the stem circumference),
which disconnects the phloem above and below the wound,
and can negatively affect seedling performance and survival
(Bansal et al. 2013). The ability to rapidly recover from
weevil damage may, thus, be crucial for successful seedling
establishment in the field.

Currently, one of the alternatives being investigated to
protect conifer seedlings from pine weevil damage is the
use of plant-induced resistance. Exogenous application of
the plant hormone methyl jasmonate (MeJA) can activate
induced resistance mechanisms and reduce pine weevil
damage to Picea and Pinus spp. seedlings (Zas et al. 2014;
Chen et al. 2021a; Puentes et al. 2021; Berggren et al.
2023). However, following MeJA treatment, a reduction
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in plant growth can occur (Heijari et al. 2005; Gould et al.
2009; Zas et al. 2014; Chen et al. 2021b). Plants have
limited resources to allocate to different activities. Thus,
trade-offs are usually expected when multiple activities
(e.g., defense, growth and reproduction) compete for plant
resources (Herms and Mattson 1992; Endara and Coley
2011). Treatment with MeJA is expected to cause a diver-
sion of resources into processes involved in resistance. For
example, MeJA application results in increased phenolic
production and phloem lignification, and reprogramming
of the cambial zone to form traumatic resin ducts in the
conifers Pseudotsuga menziesii, Sequoiadendron gigan-
teum and P. abies (Martin et al. 2002; Hudgins et al. 2004).
Such morphological and chemical defensive responses
can be costly for plants (Cipollini and Heil 2010). Despite
these expected changes in resource allocation, the effects
of MeJA have not been examined from a plant tolerance
perspective.

Considering the role that bark wound healing can play
in conifer seedling survival, and the emerging potential of
MeJA as a plant protection tool, we conducted an experi-
ment to investigate the effects of MeJA on the rate of stem
wound healing as a tolerance trait. Studies on conifers have
revealed that the first response to stem bark wounding is
abundant resin production; moreover, closure of the wound
occurs from the remaining vascular cambium along the
margins of the wound (Chano et al. 2015, 2017). Vascular
cambium is the growth tissue found in the stem, which
produces secondary xylem inwards and secondary phloem
outwards. From the lateral edges of the stem wound, where
intact bark remains, proliferation of the cambium occurs
in a way that the cells ‘bend’ inward, and reach the wound
surface (Chano et al. 2015). Cambial cells divide form-
ing new vascular tissue, and the cambium grows towards
the center of the wound. Eventually, the healing tissue
mass from both lateral edges meets, merges and covers the
entire wound surface (Chano et al. 2015). These responses
likely entail a diversion of resources to the wounded site.
Since MeJA may also change resource allocation, treat-
ment with this hormone could potentially interfere with
processes involved in bark wound healing. Using Norway
spruce (Picea abies) seedlings, we aimed to answer the
following questions:

(1) Can treatment with MeJA affect the healing of an exist-
ing stem wound inflicted prior to treatment, and a sub-
sequent wound inflicted after treatment on the same
plant?

(2) How does wounding by itself and together with MeJA
treatment affect plant growth?

(3) Isthere a correlation between wound healing rate (esti-
mated in the present experiment) and pine weevil dam-
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age in the field for plants that have not been treated with
MeJA?

We first examined the effect of MeJA on the healing of a
stem bark wound that was mechanically inflicted one week
before MeJA treatment, and its effects on a subsequently
inflicted second wound eight weeks after MeJA treatment
occurred. After wound infliction, we recorded wound size
(exposed xylem) every other week to estimate wound heal-
ing rate, and measured seedling height growth and diam-
eter growth for a total of four months. The Norway spruce
seedlings used in the experiment originated from 18 differ-
ent full-sib families, which are part of the Swedish national
spruce breeding program. Families from the breeding pro-
gram are of practical interest since breeding for resistance
may also be an alternative to protect seedlings from pine
weevil damage (Zas et al. 2017). Seedlings from 14 of the
Norway spruce families used in this laboratory experiment
were also planted in the field in a separate experiment (see
Chen 2021c), and damage inflicted by pine weevils at the
fresh clear-cut was assessed. To answer question 3, we used
the field data to examine the correlations per family between
wound healing rate from the present experiment (considered
a trait that mediates tolerance to pest damage) and pine wee-
vil damage (considered a resistance trait, measured as the
inverse of total pine weevil damage) in non-MeJA-treated
plants.

Materials and methods
Plant material

Norway spruce seedlings from 18 full-sib families were
obtained from the research station of the Forestry Research
Institute of Sweden (Skogforsk) located in Ekebo, Sweden.
Each family included 6-10 seedlings. This material came
from the clonal archive of the Swedish Norway spruce
national breeding program. The seedlings were sown in
plug trays (BCC Plant the Planet, HIKO V-150, item code:
21-22135) in late February 2017 with standard peat substrate
for one year of cultivation. To prevent bud set, supplemental
light was provided until the beginning of May. In August
2017, the seedlings were transferred outdoors where they
remained until December when they were packaged and
stored in a freezer room for overwintering. This is a stand-
ard nursery practice used to simulate winter conditions for
conifer plants, which are then thawed the following spring/
summer for planting.

In early June 2018, 177 frozen stored seedlings arrived at
the Swedish University of Agricultural Sciences in Uppsala,
Sweden. After thawing, seedlings were transplanted on June
26 (day 1, used as a reference time point in the methods and

Results sections). We took the entire soil plug from the plug
tray (without damaging the roots), placed it in a plastic pot
(diameter = 14 cm) pot and surrounded it with soil up to the
top (gardening soil; P-jord, Hasselfors garden, Sweden). The
larger pots allow plants to further grow their roots compared
to when they are in the plug trays. Plants were kept in a
greenhouse (16 hL/8hD; temperature: 20/16 °C) during the
duration of the experiment.

Wounding and methyl jasmonate treatments

Four different treatments including exogenous MeJA appli-
cation and mechanical wounding were conducted as depicted
in Fig. 1 and as follows:

(1) MeJA and wounding treatment (MW): A rectangu-
lar wound (height: 40, width: 5 mm) was inflicted on
the lower part of the seedling stem using a scalpel on
July 10 (day 14, i.e., 14 days after the seedlings were
transplanted). We avoided including side branches
in the wound area, and the height of most wounds
was about 1-2 cm from the soil. If there were many
branches around the lower stem, we inflicted the wound
higher up or lower down to avoid cutting the branches.
In the rectangular area, bark, phloem and vascular cam-
bium were removed until the xylem was exposed (see
Fig. S1). The average wound area (= standard error)
in this treatment was 147.3 + 47.5 mm? and the width
of the wound (5 mm) spanned about 30% of the stem
circumference (see Fig. S1). One week later, on July 17
(day 21), seedlings were sprayed once with MeJA (10
mM) following the procedure described in Chen et al.
(2021b). Two months after MeJA treatment, on Sep-
tember 11 (day 77), a second and smaller rectangular
wound, 15 mm high and 5 mm wide, was inflicted on
seedlings. The effects of MeJA on resistance to pine
weevil damage have been shown to persist up to two
years after application (Zas et al. 2014). Thus, we
expect that any changes caused by MeJA should still
be present in the plants two months after treatment. We
inflicted a smaller wound than the first one to minimize
the likelihood of mortality. The average wound area
(+ standard error) was 51.4 + 7.0 mm?. The lower end
of this wound was located about 1 cm above the upper
end of the first wound, and on the opposite side of the
stem.

(2) Control and wounding treatment (CW): Two wounds
were inflicted on seedlings as described for the MW
treatment, but water was used instead of MeJA to treat
seedlings on day 21. The average wound areas (+stand-
ard error) for the first and second wound (on day 14 and
day 77) were, respectively, 145.0 + 39.6 and 49.3 + 6.9
mm?.
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Fig.1 Schematic diagram of the treatments included in the pre-
sent study. Day 1 represents the first experimental day, when seed-
lings were planted in pots after thawing. On day 14, the first large
wound was inflicted. One week after inflicting the first wound (day
21), MeJA or water was exogenously applied to Norway spruce
(Picea abies) seedlings (MW and CW treatments, respectively). Two

(3) MelJA control treatment (M): No wounds were inflicted
on seedlings, but seedlings were treated with MeJA
(10mM) on day 21.

(4) Control treatment (C): No wounds were inflicted, but
seedlings were sprayed with water on day 21.

A total of 40 seedlings were assigned to each treatment,
with 16-18 families being represented in each treatment due
to the uneven number of individuals per family received
from the nursery (see Table S1 for family names, and actual
sample sizes per family in each treatment). Note that for
three seedlings (1 in the CW treatment, and 2 in the MW
treatment), the second wound was not inflicted by mistake
and these plants were excluded from all statistical analyses
(see total sample sizes per treatment in Figs. 2 and 3).

@ Springer

months later (day 77), a second smaller wound was inflicted. For non-
wounded seedlings, MeJA or water was sprayed (M and C treatments,
respectively) at the same time point as for wounded seedlings. Wound
area and plant growth were measured every other week until Decem-
ber (day 175)

Wound closure and plant growth measurements

To examine the effects of treatment on wound healing
and plant growth, wound closure and seedling growth
were measured regularly. The first growth measurements
were conducted on June 26, 2018 (day 1). From that point
onwards, the aboveground height and stem basal diam-
eter were measured every other week until December 18,
2018 (day 175). From the day that the first wound was
inflicted (July 10, day 14), wound area (exposed xylem)
was measured with the same frequency as the growth
measurements (every other week). A digital caliper was
used to measure the wound width on the upper (W) and
lower sides (W y,..,), as well as the vertical wound height
(H). The wound area was estimated by using the equa-
tion for calculating the area of a trapezoid: wound area
Ayound = (Wyp + Wioun)/2¥H. If the wound healed to an
irregular shape, it was divided into several trapezoids and
the sum of all areas was used. The extent of newly formed
bark per day was described as wound healing rate (final
measurement of the exposed xylem subtracted from the
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Fig.2 Estimated mean healing rate (amount of bark formed per day,
mmz/day) (£95% confidence intervals) for the first wound (filled
circles) and the second wound (filled triangles) inflicted on Nor-
way spruce (Picea abies) seedlings treated with MeJA (MW) or not
(CW). The first wound was inflicted on day 14 (day 1: transplanted
into pots); seedlings were treated with water (CW) or MeJA (MW) on
day 21, and the second wound was inflicted on day 77. Sample sizes
(n) used in the statistical analyses are shown. The interaction between
wound order X treatment was not statistically significant (Table 1),
indicating that MeJA affected the healing rate of both wounds to a
similar extent. Note that the y-axis does not start at O

initial measurement =amount of healed bark, divided by
the number of experimental days). Wound healing meas-
urements continued until December 18 (day 175), unless
the wound had completely healed before this date.

Seedling resistance to pine weevil damage

Seedlings from 14 of the 18 full-sib families used in this
experiment were also planted in the field as part of a parallel
experiment (see Chen 2021c). The field experiment aimed
to explore genetic variation in constitutive resistance to pine
weevil damage in Norway spruce seedlings. Thus, seedlings
were not treated with MeJA prior to planting. For these 14
families, the number of replicates per family ranged from
3 to 13 plants in the field. Briefly, a field trial was estab-
lished in a one-year-old clear-cut during the spring of 2018
in southern Sweden (Remningstorp, 58°28' N, 13°34' E).
Seedlings were attacked by pine weevils naturally present
at the site, and pine weevil damage was recorded in June
and September of 2018. We estimated stem area debarked
(mm?) by pine weevils as described in Chen et al. (2021a).
We visually estimated the percentage of the stem that was

debarked by the pine weevil, and the height from the root
collar to where the last feeding scar could be found on the
stem. Then, using this percentage, the equation for the cir-
cumference of a circle, and the height up to the last scar,
we calculated area debarked (cm?) for each plant as: Stem
circumference (z-d) X (debarked height up to the last feeding
scar) X (percentage debarked).

Statistical analyses

All data were analyzed using R software v. 3.6.3 (R Core
team 2020) with R studio 1.2.5042 (R Core team 2020), and
graphs were generated using the ggplot2 (Wickham 2016)
and the ggpubr (Kassambara 2020) packages. Significance
of main effects and interactions was tested with analysis of
deviance using the Anova command from the car package
(Fox and Weisberg 2019). Differences among treatment lev-
els were pairwise-compared using the emmeans command
in the emmeans package (Lenth 2020).

First, to examine how wound healing rate (average
amount of bark formed per day, mm?/day, see Sect. 5 for
equation) was affected by MeJA treatment, and whether the
effect varied depending on if it was an existing or a subse-
quent wound, we fitted a linear mixed-effects model [Imer
command from /me4 package, (Bates et al. 2015)]. The
explanatory variables included treatment (CW and MW)
and wound order (the first wound and the second wound) as
fixed variables. Seedling identity nested in family (n=18)
was included as a random variable, and seedling initial basal
diameter (mm, measured on day 1 after seedlings were trans-
planted in pots) as a continuous covariate. In addition, we
included the interaction between wound order and treatment,
and the interaction of wound order and seedling initial basal
diameter. The relationship between diameter and healing
rates for each wound were also explored. Pearson’s product-
moment correlations were estimated using the cor.test com-
mand from the base R szats package (R Core team 2020).

Similarly, to examine the effects of treatment on changes
in actual wound size (exposed xylem area, mmz) across time,
we fitted separate linear mixed-effects models [/me com-
mand from the nlme package (Pinheiro et al. 2020)] for each
wound. Wound size was log-transformed for the first wound,
and square-root transformed for the second wound, to meet
model assumptions. The model examining changes in size
for the first wound included treatment (CW and MW), time
(number of days after transplanting) as a linear and quadratic
term, and the interaction of these two as fixed variables. The
random variables were seedling identity nested within fam-
ily (n=18), and time as a linear and quadratic term since it
was a repeated-measurements analysis. To examine changes
in size for the second wound, the model included the same
variables as the one for the first wound; however, time was
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Fig.3 Average wound area (exposed xylem area, mm?)=+ standard
error of an existing (first) wound and a subsequently inflicted (sec-
ond) wound in Norway spruce (Picea abies) seedlings, treated with
MeJA (MW) or not (CW) over the experimental period (days 1-175).
The first wound was inflicted on day 14 after seedlings were trans-
planted into pots on day 1 (June 26th ). Wounded seedlings were
sprayed with water (CW) or MeJA (MW) on day 21, and the sec-

included only as a linear term in the fixed and random vari-
ables since the quadratic term did not provide better model
fit. Initial seedling basal diameter (mm, measured on day 1
when seedlings were transplanted to pots) was included in
both models as a covariate.

In addition, we examined the effect of wounding and
MelJA treatment on seedling growth. We fitted models with
height increment and basal diameter increment as response
variables. Increments here were defined as the difference
between the plant growth measurements taken on day 1
and day 175 for the first wound, and the growth difference
between day 73 and day 175 for the second wound. We fitted
two linear mixed models [lmer command from /me4 package
(Bates et al. 2015)]. These models included the fixed vari-
able of treatment (C, M, CW and MW), the random variable
of family (n=18), and the continuous covariate of initial
seedling size [height (cm) or diameter (mm), measured on
day 1 after seedlings were transplanted into pots] for height
and diameter increment, respectively.

Lastly, to investigate the potential relationship between
resistance to pine weevil damage in the field and wound
healing of Norway spruce seedlings in the laboratory experi-
ment, we correlated family estimates of wound healing rate
(mmz/day) for non-MeJA (water)-treated plants and area
debarked (cm?) by pine weevils. The estimates of weevil
damage per family were obtained from the analyses con-
ducted for the parallel field experiment (see Chen 2021c).
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ond wound was inflicted on day 77. Filled green circles connected
by dashed or solid lines show the average wound size of seedlings in
the CW treatment for the first and second wound, respectively. Filled
orange triangles connected by dashed or solid lines show the average
wound size of seedlings in the MW treatment for the first and second
wound, respectively. Arithmetic means + standard error for wound
areas can be found in Table S2

Estimated means of wound healing rate for the first and
second wound for each family were obtained by fitting a
linear model [/m command from base R stats package (R
Core team 2020)]. The model included family and wound
order as fixed variables, and seedling initial basal diameter
(mm, measured on day 1 after seedlings were transplanted in
pots) as a continuous covariate, and the interaction of family
and initial basal diameter. The interaction of wound order
and initial basal diameter was added to allow for different
slopes of initial basal diameter for each wound and fam-
ily. Estimated means of wound healing rate for each family
were then obtained by the emmeans command. Pearson’s
product-moment correlations between family estimates of
area debarked (measured in June and September 2018) and
wound healing rates (for the first and second wound) were
conducted separately using the cor.test command from the
base R stats package (R Core team 2020).

Results

Effects of MeJA on wound healing

We found that the healing of stem bark wounds inflicted
on Norway spruce seedlings differed among treatments.

MeJA slowed down the healing rate (average amount of bark
formed per day, mm?/day) of both the first and second wound
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Table 1 Results from the mixed-effects model examining the effect of
treatment on the healing rate (average amount of bark formed per day,
mm?/day) of an existing (first) wound, and a subsequently inflicted
(second) stem bark wound on Norway spruce (Picea abies) seedlings.
Treatments included wounded seedlings that were sprayed with MeJA
(MW) or water (CW) after the first wound, but before the second

wound. The model included the fixed explanatory variables of treat-
ment and wound order (and their interaction), the random explanatory
variable of seedling identity nested within family (n=18), and initial
basal diameter (mm, measured on day 1 after seedlings were trans-
planted into pots) as a continuous covariate and its interaction with
wound order

Source of variance

Wound healing rate (mm?/day)

2

Fixed effects df X P

Wound order 1 137.74 <2.2e-16%**
Treatment 1 11.74 0.0006%**
Initial diameter 1 65.78 5.033e-16%%*
Wound order X Treatment 2.78 0.096
Wound order X Initial diameter 1 69.31 <2.2e-16%**

Random effects

Std. deviation

Family
Seedling in family
Residual

0.055
<0.001
0.135

Significant effects are in bold and marked with ***P <0.001

df degrees of freedom; ;(2 Chi-square value; P P-value; Std. deviation Standard deviation

to a similar extent (non-significant wound order X treatment
interaction, but significant treatment effect; Table 1). Seed-
lings treated with MeJA (MW) experienced healing rates
that were 15% and 9% lower for the first and second wound,
respectively, relative to that of seedlings treated with water
(CW) (Fig. 2). Regardless of treatment, the overall aver-
age healing rate of the first wound was significantly greater
than that of the second wound (Table 1; Fig. 2). Moreover,
the healing rate of the first wound was positively correlated
with initial basal diameter for plants in both treatments (Fig.
S2a, S2b). On the other hand, the healing rate of the sec-
ond wound was positively correlated with seedling diameter
measured right before wounding, but only for MeJA-treated
plants (Fig. S2c, S2d).

Given that MeJA slowed down the rate of bark wound
healing, changes in wound area (exposed xylem, mm?) were
different between treatments over time (significant time X
treatment interaction for both wounds; Table 2). The extent
of exposed xylem was significantly greater for MeJA-treated
seedlings over the entire experimental period (Fig. 4).
Therefore, by the end of the experiment, the first and sec-
ond wounds of MeJA-treated seedlings (MW) were 58% and
69% larger in size, respectively, than those of water-treated
seedlings (CW) (Fig. 4). Overall, little change in wound
size was observed the first two weeks after infliction of the
first wound for both treatments (Fig. 4; CW and MW, from
days 14 to 28). Four to six weeks after damage infliction, a
steep decrease in wound area occurred for both treatments
(Fig. 4; from day 28 to 73); however, this decrease was more
pronounced for water-treated (CW) seedlings (Fig. 4; spe-
cifically between days 28 and 42). After this period, wound

area continued to decrease but at a slower pace up to about
8-10 weeks post-wounding. After that, little to no change
occurred for the remainder of the measurement period
(Fig. 4; day 73 to day 175). The same pattern was observed
for the second wound, with a steep change in size occur-
ring between days 96 and 119, and little change occurring
between days 140 and 175 (Fig. 4).

We also observed that a few seedlings in both the MeJA-
and water-treated groups had completely closed their
wounds. For the first wound, 2 seedlings (number of seed-
lings in each treatment; CW =1 seedling, MW =1 seedling)
had completely healed 82 days post-wounding. By the end
of experiment (162 days after inflicting the first wound),
69 seedlings had healed their first wound to more than half
of the original wound size (CW =37 seedlings, MW =32
seedlings), and 8 seedlings had completely healed their
wounds (CW =4 seedlings, MW =4 seedlings). For the sec-
ond wound, 3 seedlings in the control group had completely
healed 63 days post-wounding, and 1 seedling in the MeJA-
treated group had healed completely 77 days after wounding.
By the end of the experiment (96 days after inflicting the
second wound), 12 seedlings had completely closed their
second wound (CW =8 seedlings, MW =4 seedlings). No
seedlings died during the duration of the experiment.

Effects of wounding and MeJA on plant growth
Even though seedlings were of similar size at the start of
the experiment, we found some differences in height and

diameter increment among plants receiving different treat-
ments (Table 3, Fig. S3). For seedlings treated with water,
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Fig.4 Growth increment for Norway spruce (Picea abies) seedlings
receiving different treatments. Non-wounded seedlings were sprayed
with water (C) or MeJA (M). Wounded seedlings were sprayed
with water (CW) or MeJA (MW) after an existing (first) wound, but
before a subsequently inflicted (second) wound. Estimated means
of (a) seedling height increment (cm) (£95% confidence intervals)

the height increments of wounded seedlings (CW) and intact
seedlings (C) were not significantly different (Fig. 3a). Simi-
larly, for MeJA-treated seedlings, the height increment of
wounded seedlings (MW) did not differ from that of intact
seedlings (M) (Fig. 3a). These non-significant results indi-
cate that wounding alone did not have a negative effect on
height increment. However, MeJA had an overall significant
negative effect on height increment. Seedlings treated with
MeJA (M and MW) had significantly less height growth
than non-treated seedlings (C and CW) (Fig. 3a). On the
other hand, diameter increment exhibited a different pattern
than that of height increment. Only seedlings that were both
wounded and treated with MeJA (MW) had significantly
less diameter growth compared to intact control seedlings
(C) (Fig. 3b). Seedlings that were only treated with MeJA
(M) and seedlings that were only wounded (CW) did not
have significantly different diameter growth compared to
intact control seedlings (C) (Fig. 3b). Thus, MeJA alone or
wounding alone did not have a significant negative effect on
diameter increment, but wounding and MeJA together were
detrimental for seedling basal diameter growth.

@ Springer

and (b) basal diameter increment (mm) (+95% confidence inter-
vals) are shown. Sample sizes (n) used in the statistical analyses are
shown, and letters indicate significantly different means. Arithmetic
means + standard error for each measured time point can be found in
Table S3. Note that the y-axes do not start at 0

Correlation between plant resistance to insect
damage and healing rate

We also examined correlations between family estimates of
pine weevil damage in the field from a parallel study, with
wound healing rates from the present study. We used esti-
mates of wound healing rates from plants not treated with
MelA, given that seedlings in the field were also untreated.
Regardless of whether we examined pine weevil damage
early or late in the season or the healing of the first or second
wound, we found no significant correlation between seedling
resistance to pine weevil damage and wound healing rate
(Fig. 5). Nonetheless, we observed some trends when com-
paring healing rates and pine weevil damage among fami-
lies. A few families that received little pine weevil damage
later in the growing season exhibited slower wound healing
rates for the first wound (e.g., family 7; Fig. 5a and c¢). On
the other hand, some pine weevil-resistant families showed
faster-healing rates for the second wound (e.g., family 12;
Fig. 5b and d). Moreover, some of the families that healed
both wounds faster tended to be more resistant to pine weevil
damage early in the season but not later in the season (e.g.,
family 8; Fig. 5).
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Table2 Results from mixed-effects models examining the effects
of treatment on the area (exposed xylem area, mm?) of an existing
(first) wound, and a subsequently inflicted (second) stem bark wound
on Norway spruce (Picea abies) seedlings. Treatments included
wounded seedlings that were sprayed with MeJA (MW) or water
(CW) after the first wound, but before the second wound. The model
examining effects on the first wound included treatment, time (num-
ber of days after transplanting) as a linear and quadratic term, and

the interaction of these two as fixed variables; the random variables
were seedling identity nested within family (n=18), and time as a
linear and quadratic term. The model examining effects on the sec-
ond wound was the same as for the first wound, but excluded time as
a quadratic term. Initial seedlingdiameter (measured on day 1 when
seedlings were transplanted to pots, mm) was included in both mod-
els as a covariate

Source of variance First wound area (mm?2)

Second wound area (mm?)

Fixed effects df x2 P df X2 P

Time 1 77.79 <2.2e-16%%* 1 435.35 <2.2e-16%#*
(Time)? 1 81.69 <2.2e-16%%

Treatment 1 1.01 0.314 1 2.38 0.122
Initial diameter 1 94.74 <2.2e-16%** 1 2.74 0.098

Time X Treatment 1 13.52 0.0002%** 1 10.31 0.001%*
(Time)? x Treatment 1 15.54 0.0003%**

Random effects Std. deviation

Std. deviation

Family

Intercept 0.248
Time 0.009
(Time)? <0.001
Seedling in family

Intercept 0.340
Time 0.014
(Time)? <0.001
Residual 0.229

0.603
0.007

1.070
0.013

0.473

Significant effects are in bold and marked with **P <0.01,*** P <0.001

df degrees of freedom; )(2 Chi-square value; P P-value; Std. deviation Standard deviation

Discussion

We found that exogenous application of the plant hormone
methyl jasmonate (MeJA) can affect bark wound healing
in Norway spruce seedlings. Healing of an existing and a
subsequent wound were negatively affected by treatment,
with each wound healing 15% and 9% slower and wounds
being 58% and 69% larger in size, respectively, for MeJA vs.
water-treated seedlings by the end of the experiment. Thus,
MeJA-mediated seedling protection (i.e., induced resistance)
may entail a trade-off with wound healing, an important tol-
erance trait for recovering from stem bark damage. As pre-
viously reported, treatment with MeJA resulted in height
growth reductions, but when combined with wounding, it
reduced diameter growth to a greater extent relative to intact,
non-treated seedlings. Lastly, we did not detect a significant
correlation between family estimates of pine weevil damage
in the field and wound healing rates (for non-MeJA-treated
plants) from the present experiment. However, a few notable
Norway spruce families may be of practical interest, since
they exhibited both higher wound healing rates and lower
levels of pine weevil damage in the field.

To our knowledge, no previous studies have directly
examined how MeJA treatment may affect healing of stem
bark wounds in conifers. Yet, from previous studies there are
indications that MeJA could indirectly affect wound heal-
ing processes by, e.g., having an impact on plant resource
and nutrient allocation, photosynthesis, and stem anatomi-
cal structures. For instance, it has been reported that MeJA
treatment resulted in remobilization of nitrogen from leaves
to roots in rice (Oryza sativa) and tomato (Solanum lyco-
persicum) (Gomez et al. 2010; Wu et al. 2019). Moreover,
it has been shown that jasmonic acid (JA, the free acid form
of MeJA) treatment can cause a loss of chlorophyll from
leaves or cell cultures (Weidhase et al. 1987). Significantly
reduced chlorophyll content and decreased levels of pho-
tosynthesis-related proteins were also found in rice plants
after MeJA treatment (Wu et al. 2019). In conifers, a study
on Maritime pine (Pinus pinaster) found increased fine root
biomass following MeJA treatment, indicating increased car-
bon allocation to roots (Moreira et al. 2012). In Monterey
pine (P. radiata), a temporal reduction in CO, uptake and
photosynthesis was observed following MeJA treatment,
but these changes had no long-term effects on the plants
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Table 3 Results from mixed-effects models examining the effects of
treatment on plant growth (aboveground (cm) and stem basal diam-
eter (mm) increment) in Norway spruce (Picea abies) seedlings.
Treatments included wounded seedlings that were sprayed with
MelJA (MW) or water (CW) after the first wound, but before the sec-
ond wound; non-wounded seedlings were sprayed with MeJA (M) or

water (C). The models included the fixed explanatory variables of
treatment, the random explanatory variable of family (n=18), and
initial plant height (cm) or initial basal diameter (mm) (both meas-
ured on day 1 after seedlings were transplanted into pots) as continu-
ous covariates

Source of variance Height increment (cm)

Diameter increment (mm)

Fixed effects df x> P df x> P
Treatment 3 98.71 <2e-16%%* 3 39.59 1.3e-08***
Initial height 5.57 0.0183*

Initial diameter 1 14.14 0.0002%%%*

Random effects Std. deviation

Std. deviation

1.289
3.204

Family
Residual

0.130
0.627

Significant effects are in bold and marked with *P <0.05,%**P <0.001

df degrees of freedom; )(2 Chi-square value; P P-value; Std. deviation Standard deviation

(Gould et al. 2008). Moreover, it is well established that
MelJA induces traumatic resin duct formation and increases
levels of chemical defenses in various conifers (Franceschi
et al. 2002; Martin et al. 2002; Hudgins et al. 2004; Miller
et al. 2005; Lopez-Villamor et al. 2021), which entails a
cost in terms of resources invested in secondary chemistry
and stem structural changes. Moreover, these changes are
associated with increased resistance to insects and pathogens
(e.g., Erbilgin et al. 2006; Gould et al. 2009; Zas et al. 2014;
Puentes et al. 2021). Thus, MeJA treatment may diminish
or divert resources away from wound healing processes,
which could help explain the negative effect observed on
bark wound closure of Norway spruce seedlings.
Treatment with MeJA could have also interfered directly
with tissue re-growth activity in the stem bark. In conifers,
the first response after a stem bark wound is lignification
and suberization (i.e., hardening) of the cortical parenchyma
cells (undifferentiated cells) that line the lateral edges of the
wound and connect to the remaining bark around the stem
(Oven and Torelli 1999; Chano et al. 2015). This provides a
first barrier to pathogen entry and reduces water loss. Sec-
ondly, the remaining vascular cambium along the edges of
the wound divides and grows towards the exposed surface
of the wound (Oven and Torelli 1999; Chano et al. 2015).
Parenchyma cells arise from a special type of cell division,
and build what is known as the protective callus (lignified
and suberized) around the growing cambium mass (Oven
and Torelli 1999; Chano et al. 2015). Newly formed peri-
derm develops from the callus, and this growing mass of
cambium and periderm continues to proliferate and differ-
entiate (Oven and Torelli 1999; Chano et al. 2015). These
tissue masses from the wound edges continue to grow until
they meet, merge and close the wound (Oven and Torelli
1999; Chano et al. 2015). In our study, we observed light
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green cell masses along the edge of the wound two weeks
after inflicting the first wound (Fig. S4a), which we sus-
pect to be the cambium + callus growing mass according to
Chano et al. (2015). Eventually, the growing green tissue
met, merged and sealed the wound as expected (Fig. S4b
and ¢).

It has been shown that callus induction may be inhibited
by JA (Ikeuchi et al. 2017). For example, JA retarded cal-
lus formation in potato (Solanum tuberosum) (Ravnikar and
Gogala 1990), and JA and MeJA inhibited callus growth in
soybean (Glycine max) (Ueda and Kato 1982). MeJA treat-
ment has also been shown to limit organ growth by reducing
cell number and size in Arabidopsis thaliana mutants (Noir
et al. 2013), and JA treatment can negatively affect mitosis
during callus formation in cell cultures (Swiatek et al. 2002;
Swiatek et al. 2004). Given the negative effect of JA and
MelJA on callus and cell growth reported in other plants, it
is possible that MeJA treatment interfered directly with the
healing of bark wounds in Norway spruce seedlings. How-
ever, our study does not allow us to pinpoint the specific
mechanisms underlying the observed negative effects. Thus,
further studies will be needed that examine changes in plant
photosynthesis, resource mobilization and callus/tissue for-
mation following wounding and MeJA treatment.

From a plant protection perspective, our findings indicate
that MeJA-mediated seedling protection may entail a reduc-
tion in seedlings’ bark healing capabilities. To understand
the consequences of these findings, we need to consider
the advantages conferred by MeJA. Treatment with MeJA
provides protective effects by increasing conifer seedling
resistance to pine weevil damage. MeJA induces chemical
defenses, resulting in qualitative and quantitative changes
that make treated seedlings less palatable for pine weevils
(Zas et al. 2014; Lundborg et al. 2016a, b; Nybakken et al.
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Fig.5 Relationship between mean estimates of wound healing rates
(average amount of bark formed per day, mm?%day) and pine weevil
(Hylobius abietis) damage (stem debarked area, cm?) for non-MeJA-
treated plants in 14 Norway spruce (Picea abies) full-sib families.
The relationship between field damage from the first assessment
(June, 2018) with (a) the first wound, and with (b) the second wound,
and the relationship between field damage from the second assess-
ment (September, 2018) with (c) the first wound, and with (d) the

2021). Hence, treated seedlings often receive less damage
overall, but they are also damaged in a way that is more
spread out across the stem (Fedderwitz et al. 2016). In turn,
this results in lower girdling rates and greater survival rates
for MeJA-treated relative to untreated seedlings. Because
of these benefits, MeJA has been put forward as a tool for
protecting planted conifer seedlings during forest regenera-
tion (Zas et al. 2014; Chen et al. 2021a; Puentes et al. 2021;
Berggren et al. 2023). However, if MeJA slows down stem
bark wound healing and closure, this would constitute an
undesired effect of treatment. Slower healing of bark wounds
would entail exposed areas that can act as entry point for
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second wound are shown. Each family was given a number from 1 to
14, but their original names can be found in Table S4. The regression
line (blue), correlation coefficient (R) with the P-value (p) and con-
fidence interval were estimated using Pearson-moment correlations.
Estimated means + standard error for field debarked area and wound
healing rate per family can be found in Table S4. Note that the y-axes
do not start at 0 and the x-axes vary among the plots

pathogens, and reduced phloem connection along the stem
which interferes with nutrient transport (e.g., Romero 2014;
Rademacher et al. 2019). These effects could be detrimental
for seedling vigor and may, thus, entail economic costs by
diminishing the extent and quality of forest regeneration.
Nonetheless, from our study, we are not able to deter-
mine if a trade-off with bark wound healing outweighs the
benefits of using MeJA as a plant protection tool. Several
aspects need to be considered. First, since MeJA treatment
results in less area debarked by pine weevils and reduced
likelihood of girdling (e.g., Zas et al. 2014), treated seed-
lings may have less bark damage or smaller wounds to
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heal compared to untreated ones. Untreated seedlings may
suffer even greater disconnection along the stem phloem
relative to treated seedlings, or have wounds that cannot
be fully closed if girdling occurs. Hence, seedlings with
fewer but ‘slower-healing’ wounds may be preferred over
seedlings with larger but ‘faster-healing” wounds. Second,
it is possible that the negative effects of MeJA on wound
healing are not long-lasting. From a nursery perspective,
MelJA treatment can be applied to Norway spruce seed-
lings before winter storage, and it will effectively provide
protection against pine weevil damage when seedlings
are planted the following spring (Chen et al. 2021a). In
our study, the negative effects of MeJA on wound heal-
ing remained for roughly 3—4 months after treatment. Yet,
these effects may or may not persist for several growing
seasons. Hence, studies examining the effects of MeJA on
wound healing for a longer period are required to conclu-
sively evaluate if and how they fade with time. Lastly, the
effects of MeJA on wound healing should also be assessed
in the field, where plants receive multiple pine weevil
wounds simultaneously. Overall, our findings provide a
key factor to consider when further evaluating the conse-
quences and practical implementation of using MeJA in
conifer seedling protection.

In addition to effects on wound healing, we also examined
the effect of treatment on Norway spruce seedling growth.
We found that MeJA had an overall negative effect on seed-
ling height regardless of whether plants were wounded or not
(Fig. 3a). However, for seedling basal diameter, MeJA and
wounding together resulted in a greater reduction in growth
(Fig. 3b). The negative effects of MeJA on plant growth
are in line with those previously reported in other studies
(Heijari et al. 2005; Gould et al. 2008; Krokene et al. 2008;
Chen et al. 2021a). The growth reduction may, for example,
be due to the negative effects of MeJA on cell mitosis, and
these inhibitory effects are often more prominent for leaf
rather than root growth (Zhang and Turner 2008). In contrast
to seedling height elongation, which occurs from existing
buds, basal diameter growth may be more impaired by dis-
connection of the bark phloem. Injuries along the stem may
partially or completely hinder resource transport from the
photosynthesizing needles to lower parts (e.g., Rademacher
et al. 2019). Hence, resource diversion due to MeJA treat-
ment and physical impairment of resource transport due to
wounding, may together result in a stronger effect on basal
diameter than each factor alone.

Interestingly, we also found a positive correlation between
healing rate of the first wound and initial stem basal diam-
eter of Norway spruce seedlings (before any treatment was
inflicted; Fig. S2). Tree vigor, often measured as diameter
growth, has been previously reported to positively affect
wound healing (Neely 1988; Boyes et al. 2019; Jones et al.
2019; Tavankar et al. 2019). A thicker stem diameter may
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imply a greater number of cells (or cell layers) from which
callus formation and/or centripetal cambium growth can
rapidly occur to cover the exposed area. We also found that
the first and larger wound healed faster overall (regardless
of treatment) relative to the second and smaller wound
(Fig. 4; Table 2). A previous study has found, for example,
that larger wounds healed or closed to a greater extent than
smaller wounds within one growing season (Neely 1988).
Since stem bark wounds heal from the edges, a larger wound
perimeter may also entail a greater number of cells from
which cambium growth can occur. It would be of interest
to further explore not only stem diameter, but also the rela-
tionship between bark layer thickness and the rate of wound
healing in seedlings.

Lastly, we examined the relationship between Norway
spruce family estimates of pine weevil damage in the field
(considered a resistance trait; stem area debarked) with
wound healing rates for non-MeJA-treated plants in our
experiment (considered a tolerance to damage trait; average
amount of bark formed per day). We found no significant
correlation between these two traits for the families exam-
ined (Fig. 5). Theoretically, a trade-off (negative correla-
tion) between resistance and tolerance to insect damage is
expected, but experimental evidence has shown that this is
not always the case (Leimu and Koricheva 2006). In some
herbs, e.g., tall morning glory (Ipomoea purpurea), wild
radish (Raphanus raphanistrum) and turnip greens (Bras-
sica rapa), trade-offs between resistance and tolerance have
been reported (Fineblum and Rausher 1995; Stowe 1998;
Strauss et al. 2003). In other studies involving woody plants,
e.g., willow (Salix cordata), silver birch (Betula pendula),
aspen (Populus tremuloides) and Douglas fir (Pseudotsuga
mengziesii), no trade-off between resistance and tolerance to
attackers was found (Shen and Bach 1997, Prittinen et al.
2003; Stevens et al. 2007; Cruickshank et al. 2018). Thus,
resistance and tolerance do not always correlate negatively
with each other, and plants can possess both high resistance
and high tolerance to damage (Leimu and Koricheva 2006;
Nuiiez-Farfan et al. 2007). In line with this, we found that
some families exhibited both greater resistance (received
less pine weevil damage) and higher tolerance (faster wound
healing rates). Other families showed both low resistance
(received more pine weevil damage) and low tolerance
(slower wound healing rates), but most families were found
between the two extremes (Fig. 5). From a plant protection
perspective, a lack of trade-off is desirable since greater
resistance and tolerance to insect damage can be beneficial
to seedling vigor, and thus, forest regeneration. In addition,
families exhibiting both greater resistance and tolerance can
be of interest for further developing the breeding program of
Norway spruce in Sweden. Our results suggest that breeding
for greater resistance may not necessarily result in seedlings
that are less tolerant to bark damage. However, our study
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included few families and replicates per family. Thus, to
evaluate the generality of this lack of a trade-off, future stud-
ies should examine a greater set of families from the breed-
ing population and even examine this correlation for plants
that have been induced by MeJA.

Conclusion

Exogenous application of the plant hormone methyl jas-
monate (MeJA) may negatively affect the healing of exist-
ing and subsequent stem bark wounds in Norway spruce
seedlings. Our findings provide a key factor to consider
when evaluating the benefits and drawbacks of using MeJA
in conifer seedling protection against pest damage. We also
found that stem wounding and MeJA together may be more
detrimental to seedling diameter than height growth, relative
to when these factors occur alone. Finally, we did not detect
a significant correlation between family estimates of pine
weevil damage in the field and wound healing rates from the
present experiment in non-MeJA-treated plants. This indi-
cates a lack of a trade-off between resistance to pine weevil
damage and tolerance to bark damage, which is desirable
from a plant protection and plant breeding perspective, but
more families should be examined.
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