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Abstract: Resin secretory structures in conifers remain poorly characterised. Cryo-scanning 10 

electron microscopy (cryo-SEM) and Raman microscopy were applied to study native resin 11 

duct architecture and chemical composition in Juniperus phoenicea and provide a detailed 12 

structural description of the species secretory system. Samples of J. phoenicea leaves, cones 13 

and leaves collected from the Morrocan coastline were processed using both techniques. 14 

Multiple anatomical regions were analysed to ensure representative chemical profiling. Cryo-15 

SEM analysis revealed that the species possesses a multi-scale integrated resin secretory 16 

network rather than isolated glandular structures previously described for Cupressaceae. The 17 

system exhibits hierarchical organization with large primary resin ducts (120—150 μm 18 

diameter) connected to numerous smaller secondary droplets (2—50 μm diameter) distributed 19 

throughout both leaf and cone tissues. Raman spectroscopy confirmed α-pinene as the 20 

dominant chemical component (characteristic peaks at 1640 cm⁻¹ and 666 cm⁻¹), with 21 

additional oxidized terpenoids detected in mature cones. The spatial and cellular organisation 22 

reveal a dynamic terpene-rich defence network. Cryo-SEM ensures superior preservation of 23 

resins and secretory structure, the current methodological standard contrasting with isolated 24 

glands in other Cupressaceae 25 
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1. Introduction  31 

Conifers possess specialized secretory structures that produce oleoresin, which serves as both 32 

a physical and chemical defence against a wide range of herbivores and pathogens. Oleoresin 33 

is composed of a complex blend of terpenoid compounds, including monoterpenes, 34 

sesquiterpenes, and diterpenes, the latter typically present as diterpene resin acids. These 35 

substances accumulate naturally within various anatomical features, such as resin cells, 36 

blisters, glands, and ducts (Fahn, 1979). Furthermore, conifers can enhance their defensive 37 

capacity by forming additional resin ducts in response to environmental stresses, both biotic 38 

and abiotic. Resin ducts are essential structural components of the plant defence system 39 

enabling the rapid mobilization of antimicrobial metabolites and the secretion of wound-40 

healing resins (Franceschi et al., 2005; Hudgins & Franceschi, 2004). Their architecture 41 

underpins an integrated strategy against biotic and abiotic stress, combining chemical 42 

protection with mechanical resilience (Kroken et al., 2003; Nagi et al., 2000). Structurally, 43 

resin ducts and glands are characterised by an extracellular cavity surrounded by secretory 44 

epithelial cells responsible for terpene production (Kshatriya et al., 2018). Resin is a 45 

secondary metabolite produced by trees primarily as a defence mechanism and is secreted in 46 

response to injury to protect against microbes and insects (Kroken & Nagy 2012). Resin ducts 47 

serve to store and transport oleoresin, a complex terpenoid mixture (Panda 2008). Resin 48 

channels arise from cambial cell divisions and form interconnected networks. Resin ducts in 49 

gymnosperms, especially in Pinus, develop from the cambium or procambium through a 50 

process of schizogenous or lysigenous formation. These ducts may form a complex, 51 

interconnected system within the secondary xylem and phloem. The formation depends on the 52 

species and tissue type as the use of the cambial cell divisions is generally appropriate, 53 

especially for secondary ducts (Franschi et al., 2005). Their epithelial and sheath cells differ 54 

anatomically among species, with some forming thick, lignified walls. (Wu & Hu 1997; 55 

Franschi et al., 2005). Oleoresin consists mainly of monoterpenes and diterpenes; the volatile 56 

components evaporate while the diterpenes polymerise to seal wounds (Phillips & Croteau 57 

1999). Stored oleoresin is released during pest attacks, forming barriers and acting as a toxin. 58 

Although these substances are metabolically expensive, their synthesis supports tree defence, 59 

possibly compromising some growth and reproduction. The challenges of separating subdermal 60 

structures make it difficult to fully understand the production of plant secretions, as conventional SEM 61 

and histological sectioning require dehydration and physical dissection that might disrupt native tissue 62 

organisation. Cryo-SEM offers an alternative approach by maintaining samples in their frozen state, 63 
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preserving native morphology. In some Cupressaceae, resin may accumulate and drip, 64 

especially at leaf tips or from bark wounds (Farjon 2005), but a full comparative study of 65 

resin ducts across organs and growth stages is still needed Cryo-scaning electron microscopy 66 

(cryo-SEM) keeps structures, including liquids, intact by rapid freezing samples in ultra-low 67 

temperature (Wightman 2022). This method allows for high-resolution structural analysis 68 

without the need for extensive chemical processing, especially important for volatile or 69 

delicate samples. Cryo-SEM has successfully visualised glandular trichomes and their 70 

secretory activity, confirming its effectiveness in preserving native structures. It is particularly 71 

suited for studying plant tissues sensitive to traditional fixation Anatomical studies on 72 

Cupressaceae have primarily focused on light microscopy-level descriptions of resin ducts in 73 

vegetative tissues. These investigations include leaf anatomical analyzes examining resin 74 

canal dimensions and tissue organisation (Bercu et al., 2010; Hamidipour et al., 2011); More 75 

recently, Della Rocca et al. (2022) conducted an ultrastructural investigation of traumatic 76 

resin duct formation in Cupressus sempervirens following fungal infection, revealing the 77 

involvement of plastids and endoplasmic reticulum in terpenoid biosynthesis. While 78 

morphological and structural variation at the reproductive organs level has been documented 79 

through cone scale studies (Jagel and Dörken, 2015; Dörken et al., 2017), a significant gap 80 

remains regarding resin structures within these organs themselves. The study Objectives are: 81 

i) compare resin duct morphology using cryo-SEM between Juniperus phoenicea‘s leaf cones 82 

and stem ii) locate the resin secretory structures using Raman spectroscopy; iii) Establish a 83 

protocol for multi-modal structural-chemical analysis. 84 

2. Methods  85 

2.1 Plant Material and Sample Collection 86 

Leaves and cones of J.phoenicea were collected from the Saidia coastal region in north-east 87 

Morocco (GPS coordinates: 35°10’ N, 2°28’E, elevation 57.15m asl) during November 2024. 88 

Five healthy, mature shrubs of J. phoenicea were selected based on approximatively equal age 89 

class, and absence of visible disease or mechanical damage. From each shrub, five samples of 90 

small sections of one-year-old stems with scale-like adult leaves, three samples of 2 years 91 

cones and three samples of one-year cones were collected from the mid-crown branches with 92 

southern exposure, the samples were carefully collected to minimise the damage on the plant. 93 

The voucher reference samples are deposited at the herbarium of Mohammed Premier 94 
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University, Oujda, Morocco, under voucher number HUMPOM023. All plant material was 95 

stored in ethanol to inactivate pathogens for transport to the UK 96 

2.2 Cryo-SEM Protocol 97 

Sample Preparation: the plant materials were frozen intact to limit artifacts, mechanical 98 

damage, and resin loss. Samples were frozen using liquid nitrogen. Ethanol preserved tissues 99 

were carefully hand-sectioned using a sterile double-edged razor blade. Samples were 100 

mounted onto aluminium specimen stubs using a small amount of adhesive consisting of 10:1 101 

Tissue-Tec: Colloidal graphite to ensure secure placement during subsequent freezing, good 102 

thermal contact and conductivity. Mounted specimens were rapidly plunge frozen in nitrogen slush 103 

to preserve tissue integrity for imaging in the high vacuum environment of the SEM chamber. 104 

Samples were then transferred under vacuum to the cryo-preparation chamber attached to a 105 

cryo-scanning electron microscope. Samples were subsequently sputter-coated with a gold-106 

palladium to a thickness of approximately 6 nm. During imaging, samples were maintained at 107 

-145°C to maintain structural integrity. Cryo-SEM analysis was performed using a Zeiss EVO 108 

LS 15, equipped with a Quorum cryo-stage system. Imaging was conducted at an acceleration 109 

voltage of 6 kV, with a working distance maintained between 8-10 mm. A range of 110 

magnifications from 100x to 5,000x was used to capture both surface topography and the 111 

anatomical details of the plant tissues. 112 

2.3 Raman Spectroscopy parameters 113 

Raman spectral acquisition was carried out using a Renishaw InVia Raman microscope, 114 

equipped with a 785 nm diode laser, selected to minimise sample autofluorescence. The 115 

objective was sample dependant: A Leica 40x HC APO L NA 0.8 water dipping lens was 116 

used for leaf samples (leaf samples were set on the surface of 1% v/v agar and submerged in 117 

water) and a Leica 50x N Plan EPI NA 0.75 dry objective lens used for cones. The acquisition 118 

software was WiRE 4.2. The laser power at the sample surface was maintained at < 10mW to 119 

prevent thermal degradation of sensitive plant tissues and the pinhole was engaged. Each 120 

spectrum was recorded with an acquisition time of 10-40 seconds per spot, depending on 121 

signal intensity and sample type. The spectral range was set to include 400 to 1700 cm-1, 122 

allowing clear identification of characteristic vibrational bands of organic compounds. 123 

Multiple spectra were collected from each anatomical region of interest to ensure 124 

reproducibility and representative chemical profiling. To aid visualisation of all major peaks, 125 



5 
 

spectra were smoothed using the WiRE software using a smooth window of 7 and polynomial 126 

order set to 2.   127 

2.3. Light microscopy imaging 128 

Light microscopy imaging was carried out using a Keyence VHX-7000 digital microscope to 129 

observe leaves and cones. 130 

3. Results  131 

3.1 Leaves 132 

Cross-sections of J. phoenicea scale-like leaves revealed resin ducts located on the upper leaf 133 

surface (Fig. 1a, 1b). Resin deposits were visible on the leaf surface (Fig. 1a, arrows), while 134 

shoot cross-sections showed typical single resin ducts (RD) positioned on the upper epidermis 135 

of preserved leaves (Fig. 1b) 136 

3.1.1 Cryo-SEM microscopy of leaves 137 

Light microscopy can resolve large resin ducts (Fig 1a, 1b) but gives insufficient detail of 138 

morphology and the surrounding tissue.  Using the cryoSEM, five cross sections were 139 

examined of the upper leaf surface regions where there was a single prominent duct. 140 

Diameters range from 150-200 μm (Fig. 2). The ducts contained dense visible resin 141 

accumulations that either partially or fully occupy the cavity lumen. The organization of the 142 

surrounding secretory tissues shows a distinct compartmentalization within the mesophyll, 143 

with a well-defined central cavity that might serve as primary repositories for lipophilic 144 

metabolites and characteristic droplets distributed along specific tissues margins. Resin 145 

secretion on J. phoenicia leaves contributes both to storage and protection as discussed by Al-146 

Edany & Khidhir, 2022. The Cupressaceae species possess structures to optimize storage of 147 

terpenoids (Baran et al., 2023). Cryo-SEM preserves volatile compounds and reveals the 148 

presence of a well-developed secretory epithelium in J. phoenicea leaves. The epithelial zone 149 

is characterized by a distinct layer of specialised secretory cells. The epithelial cells are 150 

continuous and line the upper the resin cavity (Fig. 3). These cells are tightly packed with 151 

their long axes oriented perpendicular to the cavity surface. The epithelial cells are 152 

morphologically distinct from the surrounding mesophyll parenchyma (Fig.3). 153 

Resin droplets of varying sizes were observed distributed throughout intercellular spaces, 154 

suggesting secretion and accumulation within these regions (Fig.4). 155 
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3..1.2 Raman microscopy analysis of the external resin drop of the leaves 156 

The Raman spectrum (Fig. 5) of a resin droplet shows dominant peaks characteristic of α-157 

pinene, including signals at 262, 668, 772, 1044, 1373, and 1659 cm⁻¹. These peaks closely 158 

match Raman data published elsewhere (Pan et al. 2016, Yang et al. 2020) 159 

3.2-Cones: 160 

The Juniperus phoenicea cone exhibits a highly developed, multi-scale secretory system, 161 

supported by a specialised cellular architecture that facilitates abundant resin production and 162 

distribution. At the structural level, the resin duct walls display a multi-layered organization 163 

with clearly defined secretory epithelia consistent with observations inother Juniperus species 164 

confirming that resin ducts are lined by several layers of secretory and sudsidiary cells 165 

(Radoukova et al., 2024; Tulik & Jura-Muraweic., 2023). In the cones, resin is not restricted 166 

to central cavities but is also distributed through an integrated secretory network as reported 167 

in related taxa where ducts are interconnected and supported by parenchymatous tissues 168 

(Guvenç et al., 2011), suggesting the presence of resin movement pathways with a well-169 

organised cellular arrangement (Cabrita., 2018). 170 

The light microscopy of longitudinal cross-section of the cone highlights the differentiation of 171 

tissue zones. A distinct resin secretion zone is visible, demarcated by a translucent, amber-like 172 

region. Embedded within this zone are single prominent resin ducts, appearing as a well-173 

defined void surrounded by secretory tissues. (Fig. 6a,6b) offers a magnified view of the resin 174 

duct observed in Fig. 6 175 

3.2.1 Cryo-SEM microscopy of cones 176 

Cryo-scanning electron microscopy of transverse sections through Juniperus phoenicea cones 177 

revealed a complex dual-component resin secretory system consisting of both large secretory 178 

cavities and numerous dispersed resin droplets (Fig. 7). The ultrastructural preservation 179 

achieved through Cryo-preparation allowed detailed visualization of the three-dimensional 180 

organization of secretory structures without the artifacts typically associated with 181 

conventional chemical fixation of lipophilic compounds. 182 

The resin is secreted from a complex secretory system, characterised by large primary resin 183 

cavities located in the peripheral region of the cone (Fig. 8). This rounded cavity is 184 
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accompanied by multiple additional smaller cavities of various sizes spread throughout the 185 

cone tissue and spread mostly in the basal part of the cone, indicating a distributed rather than 186 

isolated secretory system. The architecture of this system reveals multiple resin cavities 187 

arranged across the cone, with a size gradient from primary cavities (larger) of the scale-like 188 

leaves to smaller secondary ones of the basal part, reflecting an integrated network that 189 

extends throughout the cone. There is a possibility that the resin from the small cavities will 190 

flow into the larger one facilitated with the surrounding parenchyma (Fig.9), which might 191 

explain the significant amount of resin observed in the large cavities. 192 

The architecture demonstrates a prominent resin cavity (approximately 120—150 μm in 193 

diameter) observed in the peripheral cone tissue, exhibiting the characteristic smooth, rounded 194 

morphology typical of lysigenous or schizolysigenous secretory spaces. The cavity displayed 195 

well-defined boundaries with surrounding parenchymatous tissue (Fig 8 ; Fig. 9), suggesting 196 

organized secretory activity rather than random tissue degradation. The empty or partially 197 

depleted appearance of the cavity might indicate active resin mobilization.  198 

A network of resin droplets was found throughout the cone basal part, ranging in diameter 199 

from 2—50 μm. These droplets exhibited heterogeneous size distribution and non-random 200 

spatial organization, with areas of high droplet density alternating with regions of lower 201 

secretory activity. The droplets appeared both intercellular and intracellular, suggesting 202 

multiple mechanisms of resin accumulation and storage within the fruit tissue. The cone 203 

parenchyma surrounding the secretory structures consisted of large, thin-walled cells with 204 

extensive intercellular spaces, facilitating resin movement and distribution throughout the 205 

fruit (Fig.9) 206 

3.2.2 Raman microscopy in a mature cone (2 years)  207 

One-year-old cones were excluded from the study we used 2 years cones. the resin is mainly 208 

composed of peaks corresponds to oxidised terpenoids (Pan et al. 2016, Vergas Jentzsch et al 209 

2021) 210 

The Raman spectrum (Fig. 10) shows a very strong peak at 1642 cm⁻¹ corresponding to α-211 

pinene with characteristic ring breathing mode at 667 cm⁻¹. The 1374, 1440—1470 cm⁻¹ 212 

peaks are found in cyclic monoterpenes like α-pinene. A cluster of low-to-mid frequency 213 

peaks (620—842 cm⁻¹) are consistent with the bicyclic ring system of α-pinene. α-pinene 214 



8 
 

oxide, verbenone and pinocarvone. The band at 1614 cm⁻¹ may indicate minor phenolic 215 

content, possibly from flavonoid derivatives or oxidation artifacts (Daferera et al. 2002, 216 

Vergas Jentzsch et al 2015). 217 

The comparison between leaf and mature cone spectra (Fig5 and Fig 10) indicates that both 218 

tissues contain α-pinene, as evidenced by similar characteristic Raman bands. The spectra are, 219 

however, not identical and suggests variations in the local chemical environment of α-pinene 220 

or the presence of other metabolites that differ between the two tissues 221 

Discussion 222 

Combining Cryo-SEM and Raman analyses of J.phoenicea  223 

The application of Cryo-SEM has revealed a complex resin secretory architecture of J. 224 

phoenicea, demonstrating the importance of preservation methodology in structural studies of 225 

secretory systems. The preservation of plant structures and droplets, achieved through plunge 226 

freezing in slush nitrogen, allowed for detailed visualisation of intact resin distribution 227 

patterns and secretory cavity morphology without the dissolution or displacement artifacts 228 

typically associated with organic solvent processing (Tshilande et al., 2024). The positive 229 

identification of Raman droplets using Raman microscopy represents a significant 230 

methodological advancement, bridging the gap between anatomical and chemical analyses 231 

that has historically limited comprehensive understanding of plant secretory systems.  232 

Integrated secretory network architecture 233 

The current study reveals that J. phoenicea possesses an integrated terpene-rich resin 234 

secretory network, while earlier studies on anatomical organisation in the Cupressaceae have 235 

mainly documented isolated resin glands. The investigations document solitary abaxial resin 236 

glands or discreet resin ducts in Juniperus leaf scales (Adams, 2014; Zlatković et al., 2011; 237 

Hamidipour et al., 2011), Cupressus, Thuja, and Platycladus species (Hamidipour et al., 238 

2011), where resin is sequestered in non-connected structures. In other studies, interconnected 239 

resin duct networks, where axial and radial ducts form continuous, three-dimensional systems, 240 

are described in certain Pinaceae genera trees (Tulik & Muraveic, 2023; Franceschi et al., 241 

2005).  242 
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The observed size gradient from large primary cavities (120—150 μm diameter) to numerous 243 

smaller secondary droplets (2—50 μm diameter) indicates a hierarchical organization that 244 

likely facilitates both storage and rapid mobilisation of defensive compounds. 245 

The presence of both intercellular and intracellular resin accumulation sites suggests multiple 246 

mechanisms of resin production and storage within the same tissue that all resin is made 247 

within specialised cells and then secreted in to the ducts, indicating a more complex secretory 248 

biology than the single-pathway models typically described for Pinaceae species (Franceschi 249 

et al., 2005; Wu & Hu, 1997). This architectural complexity may represent an evolutionary 250 

adaptation to the specific ecological pressures faced by Mediterranean conifers, where rapid 251 

response to multiple stress factors is essential for survival. The distinct, diffuse resin secretory 252 

system in J. phoenicea, compared to the well-defined ducts of Pinaceae (Krokene & Nagy, 253 

2012), underscores the need for broader comparative studies, as these differences may reflect 254 

varying evolutionary strategies for chemical defence among conifer families, The widespread 255 

presence of resin throughout the young cone tissue suggests a protective strategy aimed at 256 

safeguarding reproductive structures—likely an adaptation to high seed predation in arid 257 

Mediterranean environments. 258 

This study reveals that J. phoenicea has developed a dynamic and comprehensive chemical 259 

defence strategy, characterized by rapid resin mobilization and the gradual chemical 260 

transformation of defensive compounds, effectively protecting both vegetative and 261 

reproductive tissues against the diverse stresses of its Mediterranean habitat. 262 

While this study provides the first detailed structural characterization of the J. phoenicea 263 

secretory system, several limitations should be acknowledged. The analysis was conducted on 264 

samples from a single geographical location, and regional variations in secretory architecture 265 

and chemistry remain to be explored.  CryoSEM was carried out on ethanol preserved, not 266 

freshly harvested material. Although freshly harvested material retains native hydration 267 

levels, cryogenic conditions aid the preservation of tissue integrity, including any spaces and 268 

voids, during SEM imaging in a vacuum. 269 

Future research should expand this integrated structural-chemical approach to other 270 

Cupressaceae species to determine whether the observed architectural complexity is 271 

characteristic of the family or represents a species-specific adaptation. Long-term studies 272 
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examining seasonal variations in secretory activity and chemical composition would provide 273 

valuable insights into the dynamic nature of these defence systems. 274 

Conclusion: the current work establishes cryo-SEM and Raman microscopy as useful tools 275 

for accurate characterisation of plant secretory systems and reveals that Juniperus phoenicea 276 

possesses more sophisticated resin defence architecture than previously recognised. The 277 

integrated secretory network identified here represents a significant advancement in our 278 

understanding of conifer chemical defence strategies and provides a foundation for future 279 

comparative studies across the Cupressaceae family. Future research should build upon the 280 

morphological (e.g. cryoSEM) and chemical analyses presented here. We now have a clearer 281 

understanding of the spatial distribution of resin-generating and transporting structures and 282 

can use this for future work in the context of pathogen defence and comparing to other closely 283 

and more distally related species. 284 
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