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Abstract

Trait variability in response to seasonal variations can be hypothesised as an
advantageous strategy for overwintering shrubs. This hypothesis was tested by
elucidating patterns of trait variation in an evergreen alpine shrub, Rhododendron
anthopogon D. Don. The study site was established at Rohtang (3990 m a.s.1.) in
western Himalaya. Its leaves were sampled at 10 time points spanning a period of
1 year (beginning from 22-August-2017 to 14-August-2018) for estimating anatomi-
cal traits using light and scanning electron microscopy. The data were analysed
using one-way analysis of variance, and the trait-temperature relationships were
analysed using linear regression. The results indicated a lower variability in the
anatomical traits. A few traits (e.g. cuticle thickness and epidermal scales) were
found to be significantly correlated with temperature (p < 0.05). Our analysis
revealed increase in cuticle thickness and a decrease in epidermal scales (size) dur-
ing low-temperature conditions. The lesser variability found in anatomical traits of
overwintering shrub could be explained as ‘evolutionary gained adaptive traits’

Keywords: acclimatory responses, broadleaved evergreen shrub, in situ analysis,
glandular scales, seasonal variations, temperature regime

1. Introduction

Temperature, as one of the major abiotic factors in high altitudes limiting plant
growth and distribution, varies on seasonal basis to a greater extent [1]. Therefore,
the plants growing in such environments must be able to respond to these changes
by actively acclimating their biology [2, 3]. Most exposed in this regard are the
overwintering woody perennials, which get subjected to substantial variations in
temperature in the course of a year, from temperatures reaching as high as up to
30°C the during summers to severe freezing conditions (dropping below —30°C)
in the winters [4]. Because the overwintering evergreen woody perennials are
exposed to seasonal shifts in temperature (favourable to harsh), they are expected
to have evolved better to exhibit transitory acclimatory responses [5, 6]. Therefore,
these represent an excellent system to study plant persistence strategies in harsh
environments.
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At high altitudes, plants must develop their ‘defences’ (during harsh condi-
tions) necessary to survive in a highly variable environment [7]. It has been
proposed that persistence in such environments is likely to be facilitated by
plasticity in ‘anatomical traits’ of plants [3, 8]. For instance, the changes in leaf
anatomical traits (e.g. increased leaf thickness along altitudinal gradient) have
been reported to be linked to the plant’s adaptation to changes in environmental
conditions (e.g. decrease in temperature, etc.) [9, 10]. However, so far little
is known about differential anatomical responses of overwintering evergreen
shrubs to seasonal variability. An understanding of the patterns of variation in
these traits, while they experience seasonal shifts, will provide insights regard-
ing adaptive strategies in varying environmental conditions (from favourable
to harsh).

Rhododendron anthopogon is a dominant evergreen woody shrub occurring in
the alpine regions in Himalaya (Figure 1) [11]. It is also among those shrub species
which are reported to occur at the highest elevations in Himalaya. The species has a
broad niche width [12]. In its natural environment, this shrub often gets subjected
to variations in environmental conditions along spatio-temporal gradients. All these
characteristics indicate well adaptability of this species to grow in the high-altitude
environment.

Studying adaptive responses of species growing in their natural habitat could
provide invaluable information about how plants prepare themselves to persist
under changing environmental conditions. The common approach to investigate
plant responses to environmental variability has been to resample the same plant
population(s) and directly make comparison between them [13]. R. anthopogon
with overwintering foliage is appropriate for studying intra-annual adaptive
responses, as its leaves have a life span of more than 1 year, thus enabling repeated
measurements on a given leaf type to be conducted across multiple time points. This
evergreen species provides an opportunity to study the cold acclimation physiology
in overwintering foliage without any interference of any endo-dormancy transi-
tions that are reported to occur in other perennials [14]. So, this alpine dwarf shrub
could be utilised to understand plant adaptation strategies in harsh environmental
conditions of high elevations.

In the present study, the aim was to understand the extent of variations in leaf
anatomical traits that enable plant survival in the harsh climate of high elevations.
This study will shed light on strategies of plants to persist in high-elevation natural
ecosystems. Specifically, it was hypothesised that in response to seasonal variability
of high-elevation environments, (i) the evergreen species will show conspicuous
changes in anatomical traits (towards optimal values for a given temperature) if their
foliage has to last throughout the year including the overwintering phase, (ii) changes

Figure 1.
R. anthopogon in flowering stage.
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in trait values will show reverse trends once the conditions shifts towards growth
optima. Specifically, the objectives of the study were: (i) to elucidate the patterns of
variability in leaf anatomical traits along the seasonal gradient and (ii) to test for a
relationship between traits and temperature.

2. Plant sampling

The study was conducted at a site near Rohtang Pass which lies in the east of
Pir Panjal Range of western Himalaya, India. This place is characterised by severe
cold and long winters with plenty of snowfall. The study site was established at an
elevation of 3990 m a.s.l. (32°37'41" N latitude and 77°25'65” E longitude). At the
study site, the vegetation remains under snow cover from mid-November to the end
of May, and thus, has a short growing season.

To have accurate estimation of trait variability, the study necessitated repeti-
tive trait measurements to be conducted on leaves developed in the same year. As
observed in the field, the newly developed leaves of R. anthopogon become fully
expanded during mid-August. At this stage, the abaxial surface of these leaves is
yellowish-green in colour. Thereafter, a transition to characteristic brownish colour
of abaxial surface could be observed towards the onset of winters. Afterwards,
the brownish colour remains as such, as the plants progress through overwinter-
ing phase till senescence in the following year. Likewise, the leaves developed in
the same year could be identified by looking at the position and colour pattern on
abaxial surface of leaves. If the leaves developed in two consecutive years are com-
pared during August, leaves developed in first year will occupy the lower position
and will have brownish colour on the abaxial surface, whereas leaves developed in
the following year will occupy the uppermost whorl position and will be completely
yellowish-green (Figure 2).

Considering all these facts, the sampling was started in the third week of
August, 2017, and continued till November in the same year. Further measure-
ments were not possible as the plants got covered under a thick layer of snow for
approximately 240 days. Sampling was again resumed after the snow-melt in
mid-June which was continued till second week of August, 2018, to complete a
full annual cycle. Sampling was done multiple times in a successive manner with
an interval of 2-3 weeks, depending on availability of clear sunny days. Thus, the

Figure 2.

Leaves of R. anthopogon in the month of August [leaves developed in previous year occupy the lower position
(brownish colour of the abaxial surface; blue arrow), whereas leaves developed in the present year occupy the
uppermost whorl position and are yellowish-green (ved arrow)].
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sampling was accomplished for a total of 10 different time points: 22-August-2017,
12-September-2017, 29-September-2017, 11-October-2017, 23-October-2017,
4-November-2017, 15-June-2018, 28-June-2018, 14-July-2018 and 14-August-2018.
At every sampling time point, leaves were cut under deionised water and fixed
immediately in FAA [comprising Formaldehyde: Glacial acetic acid: Absolute etha-
nol in 1:1:18 ratio [15]] to measure the anatomical traits, such as total leaf thickness
and thickness of cuticle, epidermis (both adaxial and abaxial), palisade and spongy
parenchyma and total mesophyll. Also, sun-exposed, healthy, fully expanded leaves
of R. anthopogon were collected to perform scanning electron microscopy (SEM) to
observe the adaxial and abaxial surfaces of a leaf.

Temperatures (for both air and soil) were recorded at the study site during
the entire study period, i.e. from August-2017 to August-2018 using temperature
data loggers (M-Log5W, GEO Precision, Germany) [16]. Further, to extract the
temperature values for each sampling time point, data values of 3 days (sampling
day and the 2 days preceding this day) were used as suggested by Lee et al. [17].
The extracted temperature values were used to calculate the mean, minimum and
maximum for a particular ‘sampling time-point’ for use in regression analysis.

3. Leaf anatomical measurements

Leaf sample preparations for light microscopy and SEM analysis were
performed following the method of Tripp and Fatimah [15]. For light microscopy,
rectangular pieces of leaves fixed in FAA were cut transversely avoiding the mid-
rib. The samples (transverse sections) were passed through tertiary butyl alcohol
(TBA) series (50-100%) and infiltrated with paraffin wax (58-60°C). The sections
were embedded in small blocks of paraffin wax, and leaf samples of 12-pm size
were obtained with a rotary ultra-microtome (Shandon™ Finesse™ 325, Thermo
Scientific). The samples were progressively dehydrated in an ethanol series (30—
100%), followed by double staining with 1% aqueous safranin and 0.5% fast green.
The sections were permanently mounted on to slides with di-butyl phthalate poly-
styrene xylene (DPX). Micrographs were taken with camera (Nikon Digital Camera,
D5300, Nikon Inc., Japan) mounted on light microscope (Nikon Eclipse E200, Nikon
Inc., Tokyo, Japan), focussed at 40x. Total leaf thickness along with thickness of
cuticle, epidermis (both adaxial and abaxial surface), palisade and spongy paren-
chyma and mesophyll tissue were measured (in pm) in randomly selected micro-
scopic fields using Image] software. Maximum of three values were taken from three
microscopic fields, respectively. These were later averaged for a given trait making
one replicate. A total of five such biological replicates were estimated. Image] was
calibrated with an image of ocular micrometre scale (taken at 40x).

For SEM, five leaves from samples collected at every sampling time point were
used to determine the size of epidermal scales. Single leaf tissue was cut into two
small rectangular pieces (about 4 x 4 mm) from either side of midrib in order to
have representations of both the surfaces (adaxial as well as abaxial) of leaf, mak-
ing it a replica. Both the surfaces of a leaf were mounted immediately on a single
aluminium stub and then coated with a thin film (~30 nm) of gold-palladium for
3 minutes (15 kV, 20 mA) in a sputter coater (Hitachi coating unit E1010). The
images were taken using a scanning electron microscope (Hitachi S3400N) at scales
of 400 and 200 pm. SEM micrographs taken at 200 pm were used to determine the
size of abaxial epidermal scales using image J software. Ten scales per micrograph
were selected to calculate the diameter (twice), followed by their area estimation
(assuming scale to be circular).
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4. Statistical analysis

The mean + standard deviation was calculated from five independent replicates
for all the variables considered for the samples collected at each sampling time
point. Linear model assumptions of normality and homoscedasticity were tested
using Shapiro-Wilk test and modified Levene’s test, respectively. After the data
met basic requirements of analysis of variance, one-way ANOVA was performed,
and the means were compared to understand the variations in anatomical leaf
traits across the 10 time points. This was followed by Tukey’s post hoc test for
identifying the significant pairwise differences (p < 0.05). All the analyses were
performed with R 3.6.1 statistical software [18]. Linear regression was performed
to test the dependence of all the traits on temperature using ‘ggscatter’ in ‘ggpubr’
package [19] of R.

5. Anatomical trait variability and temperature relationships

The overall range of leaf anatomical traits of R. anthopogon was estimated
across the different time points of the growing season (Table 1). The total leaf
thickness was estimated to be between 24.45 and 30.36 pm during the whole
study period. A thick layer of cuticle (0.69-0.84 pym) was present above the
adaxial epidermis. Thickness of adaxial and abaxial epidermis varied from 0.93
to 1.16 pm and from 1.12 to 1.26 pum, respectively. The mesophyll tissue (21.14—
2745 pm) comprised of elongated palisade (12.74-16.17 pm) and isodiametric
spongy parenchyma cells (8.56-11.03 pm). The transverse section (T.S) of a leaf
of R. anthopogon is shown in Figure 3.

Further, the change in mean values of some of the leaf anatomical traits of
R. anthopogon across different sampling time points was found to be statistically
significant (p < 0.05), as revealed through one-way ANOVA (Table 2). In particu-
lar, there were significant differences in total leaf thickness as well as thickness of
mesophyll and palisade parenchyma [However, no specific patterns were observed in
these anatomical traits along the seasonal gradient (Figure 4)]. The cuticle thickness
was found to be the highest during onset of winter season (4-November-2017) and
the lowest in August (22-August-2017 and 14-August-2018) (Figure 4), which is the
peak growing season. No significant differences in adaxial and abaxial epidermal
thickness were observed for leaves sampled during different time points (Figure 4).

The adaxial and abaxial surfaces of leaf showed the presence of glandular scales
(Figures 3 and 5). These were typically distributed throughout the abaxial surface
of leaves during whole of the study period. However, these were mainly observed on
the adaxial surface during August (22-August-2017 and 14-August-2018). The size
of these glandular scales was estimated to be in the range from 0.015 to 0.025 mm”.
Variations in the size of abaxial epidermal scales due to changes in temperature regime
were significantly more pronounced in comparison to other studied anatomical traits.
Their size decreased during the early winter time points (i.e. 23-October-2017 and
4-November-2017) (Figure6).

It was found that the air and soil temperatures were found to be positively corre-
lated with each other. Moreover, similar correlation was observed between majority
of the studied traits and temperature (both air and soil) (p < 0.05); therefore, the
results for air temperature only are presented here (Figure 7). A positive correlation
with temperature was observed for total thickness, mesophyll thickness and spongy
parenchyma thickness. However, the thickness of cuticle increased with decreasing
temperature (Figure 7). Thickness of epidermis (adaxial and abaxial), palisade
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Figure 3.
View of transverse section of leaves of R. anthopogon using light microscopy (left) and scanning electron
microscopy (vight).

Parameter Df TSSq MSSq F-value Pvalue
Total thickness (pm) 9 220.0 24.45 2.825 0.011
Cuticle thickness (pm) 9 0.101 0.011 3.332 <0.001
Adaxial epidermis thickness (pm) 9 0.243 0.027 1.869 0.085
Abaxial epidermis thickness (pm) 9 0.111 0.012 0.645 0.752
Mesophyll thickness (pm) 9 265.7 29.52 2,610 0.018
Palisade parenchyma thickness (um) 9 64.72 7190 2190 0.040
Spongy parenchyma thickness (pm) 9 35.26 3.917 1.442 0.204
Abaxial Epidermal scales (mm?) 9 0.006 0.0007 2718 <0.001

Df, degree of freedom; TSSq, total sum of squares; MSSq, mean sum of squares.

Table 2.
Summary of one-way ANOVA results showing the effect of ‘seasonal gradient’ factor on anatomical traits of
R. anthopogon.

parenchyma and size of abaxial epidermal scales did not show any significant cor-
relation with variation in temperature across the study period.

6. Anatomical traits can be explained more as ‘evolutionary gained
adaptive traits’

Plants often exhibit considerable variations in their anatomical traits enabling
them to adapt to changing environments [20]. Therefore, the analysis of anatomical
traits is crucial for understanding of plant functioning and survival at high eleva-
tions. It has been suggested that leaf anatomical structures are associated with phys-
iological functionality in Rhododendron spp. and provide more competitiveness in
variable environments [21]. In this present study, anatomical traits were not found
to be with much variability. Some of the anatomical traits (e.g. thickness of adaxial
and abaxial epidermis and spongy parenchyma) did not show any significant
variations across different sampling time points during the study period. However,
statistically significant differences were found for other traits such as total leaf
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Figure 4.

Variability in leaf anatomical traits of R. anthopogon during the study period. Vertical bars indicate standard
ervor around the mean. Different alphabets (a, b) vepresent statistically significant values (p < 0.05) as
determined by Tukey’s post-hoc test. Legend on x-axis, i.e. from 22-August to 04-November are the sampling
time points for the year 2017, whereas from 15-June to 14-August vepresent the sampling time points of year
2018. Total.T, total thickness; Cuticle.T; cuticle thickness; AD.E.T, adaxial epidermal thickness; AB.E.T, abaxial
epidermal thickness; Mesophyll.T, mesophyll thickness; Palisade.T, palisade parenchyma thickness; Spongy.T,
spongy parenchyma thickness.

Figure 5.

SE%\/I images showing epidermal scales on the adaxial (A-D; images take at a resolution of 400 um,

200 pm and 100 um, respectively) and abaxial surface (E-G; images take at a vesolution of 400 yum,

200 pm and 100 pm, respectively) of leaves of Rhododendron anthopogon. The stomata on the abaxial
surface of a leaf (taken at a resoultion of 200 um) can also be observed (H).

thickness, cuticle thickness and thickness of mesophyll and palisade parenchyma.
An increasing trend for cuticle thickness of leaves was observed with decreasing
temperature. The cuticle thickness was found to be maximum during the onset of
winter, which thereafter remained constant till snowmelt in the following year (i.e.
15-June-2018). Higher cuticle thickness in leaves helps reduce the transpiration
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Regression plots for leaf traits of R. anthopogon and air temperature. The x-axis corresponds to temperature,
whereas y-axis represents the values of anatomical traits estimated at different sampling time points. The red
and green coloured regression lines in the graph represent negative and positive correlations between the two
variables, respectively. Spongy, spongy parenchyma.

losses from leaf to atmosphere under low-temperature conditions, when solar radia-
tions are also high [21, 22]. A significant positive correlation of total leaf thickness,
mesophyll thickness and thickness of spongy parenchyma tissues with air tempera-
ture was also found. Also, these anatomical traits displayed a positive correlation
with each other. So, a decrease in total leaf thickness with decreasing temperature
could be attributed to simultaneous reduction in thickness of both mesophyll and
spongy parenchyma tissues. The reduced thickness of different tissues might be

an adjustment for protection from ‘dehydration conditions induced due to low
temperatures’ (by decreasing the surface area of leaf tissues on exposure to low
temperatures) [23, 24]. The spongy parenchyma have large inter-cellular spaces
which have a role in mesophyll conductance (gas transportation and exchange)

[25]. Due to slower metabolism in plants during low-temperature conditions, there
is lesser requirement for mesophyll conductance, which probably explains the cause
of reduction in the thickness of spongy parenchyma in this species during early
winter conditions.

The peculiar anatomical structures such as epidermal appendages, act as
evolutionary adaptive traits and help plants in protection against harsh environ-
mental conditions [26]. In the present study, the presence of unique overlap-
ping glandular scales on abaxial side of leaves (covering the entire surface) was
observed (Figures 3-5). Scales of similar shape but larger in size could also be
recognised on the adaxial surface of leaves which, however, were evident only
during August. On this side of leaf, these scales were unnoticeable during rest
of the time period, which could be due to deposition of epi-cuticular wax on the
adaxial surface of leaves. The presence of such leaf scales has also been reported



Plant Defense Mechanisms

in other Rhododendron species and have a specified function related to water
relations, energy balance and gas exchange [27, 28]. The leaf surface topography,
primarily represented by leaf hair/scales and the cuticular wax layer, is reported
to shield it from the effects of low temperature and high solar radiations [29].
Similar physiological function of epidermal scales could be assigned for the
studied species (i.e. protection from low temperature and high solar radiations).
Further, the size of scales was observed to be lower during the onset of winter,
which remained constant thereafter. This has not been reported in previous stud-
ies, which further evokes interest to investigate their functional role and dynam-
ics. However, it can be proposed that the reduction in size could be due to increase
in compactness, which may be the result of slight leaf curling as reported in other
Rhododendron species [1, 6].

Overall, our results suggested that the leaf anatomy is relatively less sensitive
to seasonal variations, as depicted by low variability observed in majority of the
anatomical traits. The less variability could be attributed to the fact that the plant
may not invest considerably in structural adjustments to counter seasonal varia-
tions. This can be explained by the fact that this evergreen shrub, occupying the
highest elevations in the Himalaya, survives the harsh environmental conditions
throughout the year, which is likely to be achieved via consistency in leaf anatomi-
cal traits. Thus, the results reinforce the idea that structural traits ‘in general’ are
less variable and are ‘evolutionary gained adaptive traits’ [30, 31]. The low invest-
ment in structural adjustments may be due to their higher construction cost leading
to diminishing returns [32, 33].

7. Conclusions

The findings presented here contribute to the understanding of intra-annual
plant trait variability (the type of response and its magnitude) in an overwintering
evergreen shrub. The evidences outlined above indicate that the leaf anatomy is less
sensitive to seasonal variations. Low variability in leaf anatomical traits of R. antho-
pogon supports the concept of low-cost mechanism for attaining tolerance to harsh
conditions and conservative use of resources. The results also indicated that certain
evolutionary acquired adaptive traits such as epidermal glandular scales are supportive
to successfully persist in harsh climates. Overall, the findings suggest that the plants
in varying environments, such as high altitudes, reconfigure their anatomy to a little
extent to sustain climatic variabilities.
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