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Abstract: Huanglian (Coptis chinensis Franch.) is a slow-growing perennial medicinal herb with considerable economic value. This study aimed to determine the structural characteristics and the levels of berberine deposits in the organs and tissues of Huanglian using light and epifluorescence microscopy. The adventitious roots are composed of primary and secondary structures with endodermis, exodermis, and phellem. The rhizome structures are composed of primary and secondary structures with cuticle and phellem. The leaves are composed of sclerenchymatous rings, isolateral mesophyll, and thin cuticles. We detected berberine in the xylem walls of the roots and rhizomes as well as in the sclerenchymatous rings of the petioles. We postulate that as the exodermis is developed, the deposition of berberine in the xylem closest to the root tips may affect water and nutrient absorption and transfer. Leaf blades had a thin cuticle and isolateral mesophyll, suggesting shade tolerance. These structural and histochemical features suggest that Huanglian is adapted to the slow growing nature of a shady environment.
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1  Introduction

Coptis chinensis Franch. (Huanglian) is a perennial medicinal herb in the family Ranunculaceae that is widely cultivated in southwest China. The plant has high economic value due to its berberine content. However, the plant grows slowly, only being suitable for harvesting after about 5–6 years of cultivation [1–5]. Huanglian has isolateral leaves and lacks differentiated tissues in the mesophyll, suggesting that it is intolerant of strong sunlight and is adapted to shady environments, and that it likely also has low photosynthetic efficiency [6–8]. Moreover, the morphologies of sun and shade plants are visibly different [9–10]. The leaves of shade plants are large, with large cells, few mesophyll tissues, and decreased numbers of stomatal [11–14]. Apoplastic barriers, such as the endodermis and exodermis, block absorption of water and minerals in the roots [15–19]. Berberine hemisulfate has been used to test the permeability of barriers in various plants [16–20]. Structures of adventitious roots and rhizomes of Huanglian have been described using paraffin-sectioning methods [21,22]; the development of endodermis and exodermis in roots has not been detected.

The location of berberine in Huanglian can be determined by the potassium mercuric iodide method. Lu et al. [22] reported that berberine is deposited in the parenchyma tissue of the rhizome sections in situ. Brundrett et al. [23] found that the Casparian bands and lignified cell walls fluoresced yellow under UV light when stained with berberine hemisulfate in other species [16,17,24,25]. We speculated that the berberine deposits in the lignified organs might be toxic to the plant or may hinder absorption and transfer of water and nutrients, thereby slowing plant growth [16,18,19,22–25].

In this study, our aim was to investigate whether the anatomical and histochemical features of Huanglian indicate that it is a slow-growing plant adapted to a shady environment. Additionally, we proposed that berberine deposits in tissues of Huanglian could be used to observe autofluorescence of the anatomical structures under UV light and histochemical methods for barriers, thus enabling examination of the structures that characterize the adventitious roots and rhizomes of this shade-tolerant plant. We also sampled the leaves of Huanglian in the sun and shade to identify morphological and anatomical traits that suggest adaptation to shady environments. The leaves exhibited the same traits observed in other species such as Panax spp. Evidence of such adaptive characteristics might help explain the ability of Huanglian to grow in shady environments. Our results may also inform future studies of the ex situ conservation, taxonomy, evolution, and phylogeny of this shade-tolerant plant and its relatives.

2  Materials and Methods

2.1 Plant Resourcing and Collection

Huanglian samples were collected from 40 plants cultivated under a shading structure in Muyu County of Shennongjia Forestry District, Hubei Province, China on June 02, 2019. We collected intact plants between one and five years of age along with the associated soil. Five plants of each age were collected. All samples were fixed in formalin–acetic acid–alcohol (FAA) for the two-day trip back to the lab. Once there, at least five samples were assessed [26]. A sponge and water were used to remove any excess soil from the samples, which were then immersed in deionized water prior to sectioning. Full-length sections were made of the adventitious roots, rhizomes, and leaves.

The adventitious roots, which are about 75 mm in length each, were sectioned at 10, 20, 30, 40, and 50 mm from the tips. We selected rhizomes and leaves of varying maturity levels (from one to five years old). Young and mature stem sections were made from the visibly elongated internodes. Sections were made from the bases of mature petioles and the centers of the blades (not at the margin).

2.2 Microstructure and Histochemistry

The adventitious roots, rhizomes, and leaves of samples were freehand sectioned under a stereoscope (JNOEC JSZ6, Nanjing, China). Sections were stained with Sudan red 7B (SR7B) for the suberin lamellae [27], with berberine hemisulfate–aniline blue (BAB) for the Casparian bands and lignified walls [23,24], and with phloroglucinol–HCl (Pg) for lignin [26]. Concentrated sulfuric acid digestion was used for the Casparian bands [24,28]. Some sections were not stained exogenously but were examined for berberine autofluorescence under UV light [23,25]. The specimens were examined using bright field microscopy (Leica DME, Weztlar, Germany) and epifluorescence microscopy (Olympus IX71, Tokyo, Japan) and photographed [16,25]. Double-distilled water was used to remove excess stain, and the sections were kept in double-distilled water or appropriate solutions.

2.3 Leaf Blade Data Collection and Statistical Analysis

The lengths and widths of leaves were measured with a centimeter ruler. Tissue thickness data were collected from sections stained with SR7B and BAB as discussed above. We sectioned the leaflet at the center of the blade (not along the margin) to measure the stomata, the number and size of cells, tissue density, and epidermal features. All sections included five blade samples that remained unstained and were mounted with sterile water. Specimens were observed under a Leica DME microscope with a micrometer. Differences in the morphological and anatomical traits between sunny and shady blades were analyzed with paired-samples t-tests using SPSS (version 13.0, SPSS Inc., USA) [14].

3  Results

3.1 Berberine Deposits in the Root Tissues

Based on the number of protoxylem poles, the primary xylem in all the root samples was varied from diarch to hexarch (Figs. 1A–1E). At 10 mm from the root tips, the primary xylem autofluoresced yellow, whereas in the cortex and hypodermis or exodermis, the walls fluoresced only faintly (Fig. 1A). At 30 mm from the root tips, the xylem, primary phloem, endodermis, and exodermis autofluoresced yellow (Figs. 1B–1E), whereas the cell walls in the rest of the cortex fluoresced only slightly yellow. At 50 mm from the root tips, the secondary xylem fluorescence was intensely yellow; phellem and primary phloem fluoresced yellow, but not an “intense yellow” as seen in the root tips (Figs. 1F, 1G), and the two-year-old roots retained their cortex. In the three-year-old roots, the cortex was sloughed off; the secondary xylem and primary phloem fluoresced intensely yellow, while the phellem fluoresced brown (Fig. 1H), and the secondary phloem was dark. There were berberine deposits in the primary xylem, and larger deposits in the secondary xylem, phloem fibers, and phellem appearing gradually from the root apex to the base.
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Figure 1: Photomicrographs of blue excitation (autofluorescence) of transverse sections of Coptis chinensis Franch. (Huanglian) adventitious roots. (A) 10 mm from the apex. (B–E) 30 mm from the apex. (F–G) 50 mm from the apex. (H) 50 mm from the apex of the base of the root of a three-year-old plant. Scale bars = 50 μm. Arrowheads indicate the endodermis; arrows indicate the primary phloem. Abbreviations: co, cortex; ep, epidermis; hy, hypodermis; ph, phellem; pi, pith; px, primary xylem; sp, secondary phloem; sx, secondary xylem

3.2 Structures of the Adventitious Roots

At 10 mm from the tips of the 80–150 mm-long adventitious roots, we observed an epidermis with hairs, a slightly lignified exodermis with Casparian bands and suberin lamellae (Figs. 2A–2C), and two primary xylem poles with only a few suberized endodermal walls. At 20 mm from the root tips, the endodermis was slightly lignified and had visible Casparian bands and suberin lamellae. The exodermis remained only slightly lignified (Figs. 2D–2F), and the epidermis had been sloughed off. At 30 mm from the tips, the secondary xylem and the endodermis and exodermis had intense Casparian bands under UV light that were suberized and lightly lignified (Figs. 2G–2I). We observed only a few passage cells in the endodermis. At 40 mm from the root tips, the secondary xylem had a cylindrical configuration and an endodermis that was lightly lignified (Figs. 3A–3C). The exodermis also had more lignin than at 30 mm. At 50 mm from the tips, dot-like lignified Casparian bands were observed in the phellem (Figs. 3D–3F), and the suberin lamellae of the phellem fluoresced brown under UV light (Figs. 1H, 3D, 3F). The cortex and exodermis were becoming sloughed off in this region. Deposits of berberine in the xylem walls appeared yellow under brightfield microscopy (Figs. 2I, 3C). The exodermis developed earlier than the endodermis at the root apex, and all roots had heavier suberin and less lignin in the endodermis and exodermis before the cortex sloughed off. The phellem had Casparian bands as well as suberin and lignin in the secondary structure of the roots.
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Figure 2: Photomicrographs of transverse sections of Huanglian adventitious roots from 10 to 30 mm. (A) 10 mm from the apex; BAB; the inset shows a Casparian band (arrows) on the exodermis after acid digestion. (B) 10 mm from the apex; Pg. (C) 10 mm from the apex; SR 7B. (D) 20 mm from the apex; BAB; the inset shows a Casparian band (arrowheads) on the endodermis following acid digestion. (E) 20 mm from the apex, the inset shows magnified exodermis, Pg. (F) 20 mm from the apex, SR 7B. (G) 30 mm from the apex, BAB. (H) 30 mm from the apex; Pg. (I) 30 mm from the apex, SR 7B. Scale bars = 50 μm. The arrowheads indicate the endodermis, and the arrows indicate the exodermis. Abbreviations: BAB, stained with berberine hemisulfate–aniline blue; co, cortex; ep, epidermis; pc, passage cell; Pg, stained with phloroglucinol–HCl; pi, pith; px, primary xylem; SR 7B, stained with Sudan red 7B; sx, secondary xylem
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Figure 3: Photomicrographs of transverse sections of Huanglian adventitious roots from 40 to 50 mm. (A) 40 mm from the apex, BAB. (B) 40 mm from the apex, Pg. (C) 40 mm from the apex, SR 7B. (D) 50 mm from the apex, BAB. (E) 50 mm from the apex; the inset shows magnified exodermis, Pg. (F) 50 mm from the apex, BAB. The arrowheads indicate the endodermis, and the arrows indicate the exodermis. Scale bars = 50 μm. Abbreviations: BAB, stained with berberine hemisulfate–aniline blue; co, cortex; Pg, stained with phloroglucinol–HCl; ph, phellem; SR 7B, stained with Sudan red 7B; sx, secondary xylem

3.3 Berberine Deposits in the Rhizomes

The rhizomes were composed of a cuticle, phellem, cortex, primary phloem, secondary phloem, secondary xylem, and pith (Figs. 4A, 4B). At the young rhizome internodes, the cuticle, secondary xylem, and primary phloem fluoresced yellow under UV light in the absence of staining (Figs. 4A–4C), and the cell walls in the cortex fluoresced light yellow. In the mature rhizomes, the cylindrical secondary xylem, adventitious roots in the cortex, and pith fluoresced yellow (Figs. 4D–4F), but fluorescence in the phellem was weak. In the petioles, the vascular bundles and sclerenchyma rings fluoresced yellow (Figs. 4G, 4H). Berberine was deposited in the xylem, primary phloem walls, roots that had originated from the rhizomes, and the vascular bundles and sclerenchyma rings in the petioles. The mature rhizomes had ring-like secondary xylem, adventitious roots in the cortex, and phellem under the cuticle, whereas young rhizomes had dot-like secondary xylem. The rhizome structures were composed of a cuticle, cortex, a vascular cylinder with pith, a phellem, and secondary xylem in secondary growth.
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Figure 4: Photomicrographs of blue excitation (autofluorescence) of transverse sections of Huanglian rhizomes and petioles. (A) The young internode of a one-year-old rhizome; (B) the aged internode of a one-year-old rhizome; (C) the aged internode of a multi-year-old rhizome; (D) the aged internode of a multi-year-old rhizome; (E) the aged internode of a multi-year-old rhizome; (F) the aged internode of a multi-year-old rhizome; (G–H) at the base of the petiole. Scale bars = 100 μm. Arrows indicate the primary phloem. Abbreviations: ad, adventitious roots; co, cortex; cu, cuticle; ph, phellem; pi, pith; px, primary xylem; sp, secondary phloem; sr, sclerenchyma ring; sx, secondary xylem; vb, vascular bundles; xr, xylem rays

3.4 Structures of the Leaves

Between the central pith and cortex, the petioles exhibited a sclerenchyma ring with scattered vascular bundles (Figs. 4G, 4H, 5A, 5B), and the epidermis had a cuticle. Tab. 1 shows the morpho-anatomical characteristics of the blades: leaf area, tissue thicknesses, tissue densities, and epidermal features indicate few differences between sunny and shady leaves. The mesophyll was thicker, and the length of the abaxial epidermis was longer for the sunny blades than the shady blades (Tab. 1). The main veins of the blades had vascular bundles surrounded by sclerenchyma rings (Figs. 5C, 5D). The leaf blades from both sunny and shady environments had an epidermis with a thin cuticle, stomata, and isolateral mesophyll tissue (Figs. 5C–5G; Tab. 1). The adaxial epidermis veins were puberulous (Figs. 5C, 5D, 5H). The sunny leaves also had sunburn spots (Fig. 5I). The leaves of Huanglian were composed of pith, sclerenchyma rings with vascular bundles, a cortex, an isolateral mesophyll, and a thin cuticle.
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Figure 5: Photomicrographs of the (A–B) petioles, (C–H) shady leaves, and (I) sunny leaves. Panels C–F show the leaf blade adaxial side up. (A) Base petiole; BAB. (B) Base petiole; BAB under bright field; inset; SR 7B. (C) Main vein; BAB under bright field. (D) Main vein; BAB. (E) Blades; unstained. (F) Blades; SR 7B. (G) Blade surface; BAB; inset; unstained. (H) Blade adaxial surface; BAB. (I) Blade surface; unstained. Scale bars = 50 μm, except A = 200 μm. Abbreviations: ad, adaxial epidermis; ab, abaxial epidermis; ap, adaxially puberulous; co, cortex; cu, cuticle; mt, isolateral mesophyll tissue; pi, pith; pp, primary phloem; px, primary xylem; sr, sclerenchyma ring; st, stomata; su, sunburn spots; ve, vein; vb, vascular bundles
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4  Discussion

The primary structures of Huanglian adventitious roots are known to have various archetypes in the cylinder, endodermis, cortex, exodermis, and epidermis [6,21] as well as a secondary structure of xylem, phloem and phellem. Interestingly, we observed that the cortex in Huanglian was retained and not sloughed off following secondary structure development, in contrast to the pattern observed in the land plant Camellia sinensis (L.) Kuntze [29]. The endodermis and exodermis had Casparian bands, suberin lamellae, and less lignin. The exodermis in C. sinensis first develops close to the root tips; Huanglian is intermediate between C. sinensis and wetland plants [16,18,19,25,29,30]. The roots had one layer of exodermis, similar to Hydrocotyle sibthorpioides Lam [30]., whereas Typha spp., Iris germanica L., Cynodon dactylon (L.) Pers., and Zizania latifolia (Griseb.) Turcz. ex Stapf have been reported to have two or more lignified layers [16,20,24,25]. The phellem in the roots of Huanglian had Casparian bands and suberin lamellae and was lignified, as observed in the stem periderm of Pelargonium hortorum L. H. Bailey and in the aged roots of Camellia sinensis (L.) Kuntze and Alternanthera philoxeroides (Mart.) Griseb [17,28,29]. The endodermis, exodermis, and phellem act as barriers, blocking water and ions from penetrating the tissue while allowing passage to individual cells [15–20,25].

The presence of berberine deposits in the xylem walls was confirmed by the yellow autofluorescence under epifluorescence microscopy. Additionally, studies have determined that berberine in the lignified xylem walls fluoresces yellow when stained exogenously [16–17,20,23–25]. The berberine deposits were directly observed under brightfield microscopy of the roots and rhizomes and in the sclerenchyma rings of the petioles [31,32]. In the present study, the berberine deposited in the xylem of Huanglian roots and rhizomes and in the sclerenchyma rings of the petioles showed deposition patterns similar to those reported in Mahonia spp. and Berberis spp. [31–33].

Exogenous berberine, an organic cation, has been used to stain lignified cell walls [16,17,23–25], and its utility as a tracer for assessing cell wall permeability has been investigated [16–20]. These results indicated that the exogenous berberine combined with the lignin in the cell walls and with potassium thiocyanate solution to form crystals [16–20,23–25]. However, Lu et al. [22] treated tissue sections with potassium mercuric iodide and discovered that berberine is deposited in crystal form in the parenchymal tissue of Huanglian. We observed that berberine is deposited in xylem and to a lesser extent in the parenchyma of the cortex. This differs from previous reports that berberine deposits were mainly localized to the parenchyma of the rhizome [22]. Here, we speculated that berberine is in an ionic state in the parenchyma tissue of Huanglian before it is transferred and deposited in the xylem [22,23,31–33]. Tocci et al. [34] reported xanthone biosynthesis in the exodermis and endodermis of Hypericum perforatum L. roots. We hypothesize that berberine is also synthesized in the parenchyma and stored in the xylem of Huanglian [22,23,25,34].

Flavonoids can enhance plant tolerance to cadmium (Cd), and they have a significant stimulatory effect on the symplastic transport of Cd in the roots of Avicennia marina (Forssk.) Vierh [35]. We speculated that berberine and flavonoids may have different ionic forms and thus different ion absorption functions [22,23,25,35]. Berberine deposits in the xylem walls of Huanglian may occupy the space and interfere with absorption and transport of water and ions [15,18,19,23]. We propose that berberine deposition in the xylem and developing exodermis in the vicinity of the root tips may adversely affect the transport and absorption of water and ions, resulting in slow growth [15,18,19,23,35].

The blades of Huanglian had isolateral mesophyll, which was also identified in Panax spp., Adiantum reniforme var. sinense Y. X. Lin, Doryopteris pentagona Pic. Serm., Lygodium japonicum (Thunb.) Sw., Pteris multifida Poir., Nephrolepis cordifolia (L.) C. Presl, Adiantum capillus-veneris L., and Pteris ensiformis cv. victoriae Bak [6–8,11,14,36]. The blades of Huanglian had isolateral mesophyll and thin cuticles, similar to other sciophytes such as Panax spp., Lygodium japonicum, Pteris multifida, Nephrolepis cordifolia, Adiantum capillus-veneris, Pteris ensiformis cv. victoriae, and Doryopteris pentagona [6,7,11,14,36]. The sunny leaves had thicker mesophyll, but they had sunburn spots under strong light, and they also had thin cuticles, suggesting that this species was adapted to shady environments. This contrasts with sunny or xeromorphic plants, such as Cheilanthes glauca (Cav.) Mett. and Doryopteris triphylla (Lam.) Christ, which have thick cuticles [6–12,14,36]. We suggest that Huanglian has adapted to low-light shady environments, and that this adaptation inevitably led to low photosynthetic efficiency, resulting in slow growth [6,7,9].

5  Conclusions

Huanglian exhibited isolateral mesophyll, thin cuticles, and an absence of tissue differentiation, suggesting a tolerance for shady environments [6–8,11,14]. Our results revealed that the exodermis is developed early, and the deposition of berberine in the xylem is located closest to the root tips. The structures of the leaves and adventitious roots of Huanglian may have adapted to low light as well as low absorption of water and ions, thus resulting in low photosynthetic efficiency and slow growth, all of which are highly suitable for shady environments [6–10,15,18,19,23,35–37]. These structural and histochemical features likely contribute to the slow growth of Huanglian.
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Table 1: Morphological and anatomical traits of blades and environmental data

Morphological traits

Sunny (Mean + SE)

Shady (Mean + SE)

Leaf area

Length (cm)

Width (cm)

Thickness (pm)

Tissue thickness

Adaxial cuticle (um)

Abaxial cuticle (um)
Mesophyll (pm)

Adaxial epidermis (um)
Abaxial epidermis (um)
Tissue density

Adaxial epidermis (n mm?)
Abaxial epidermis (n mm?)
Adaxial stomata (n mm?)
Abaxial stomata (n mm?)
Epidermal features

Adaxial epidermis length (um)
Adaxial epidermis width (pum)
Abaxial epidermis length (um)
Abaxial epidermis width (pum)

Adaxial stomatal length (um)
Adaxial stomatal width (um)
Abaxial stomatal length (um)
Abaxial stomatal width (um)

9.56 £ 0.22
10.78 £0.34

220.40 + 19.79

1.39 £0.10
0.62 £ 0.05
142.16 £3.03
16.15 £ 0.85
12.92 £ 0.71

595.00 + 12.60
576.80 = 6.01
286.60 £ 7.50
278.20 £2.96

57.80 £1.93
47.04 £1.52
56.20 £ 1.46
53.40 £3.14

26.50 £ 0.59
18.60 £ 0.51
27.00 £ 0.45
18.40 £ 0.51

10.12 £ 0.63
11.60 + 1.04

181.70 £ 6.06

1.40 +0.07
0.59 £ 0.04
121.60 + 4.65%*
16.38 £ 0.96
11.78 £ 0.38

616.80 +23.88
581.40 £9.59
271.80 +3.57
274.00 £ 5.16

56.60 £ 2.16
54.20 £ 3.06
50.40 = 1.81*
51.40 £2.91

26.40 £ 0.51
17.60 = 0.51
26.40 £ 0.51
17.40 £ 0.51

Note: * indicates a significant difference according to the z-test (P < 0.05), ** indicates a significant difference according to

the #-test (P < 0.01).
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