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Abstract

:

This study explores the potential of micro-magnetic resonance imaging (μ-MRI) for identifying archaeological reeds found in the tomb of Tutankhamun. Reed plants had various historical uses in the past, with ancient Egyptians extensively employing them for crafting a wide range of items. The distinct cross-sectional characteristics of Arundo donax (giant reed) and Phragmites australis (common reed) are observed and described via optical microscopy and μ-MRI in this study. While optical microscopy offers higher resolution, μ-MRI provides advantages for studying archaeobotanical specimens, as it eliminates the need for mechanical sectioning and potentially damaging fragile samples. The application of μ-MRI on a selected archaeological reed allowed us to identify it as Phragmites australis, showing that μ-MRI can yield clear images, maintaining the integrity of the sample. In contrast, diagnostic features appeared greatly deformed on the thin section observed via optical microscopy. Despite the limitations related to the sample size and the need for sample soaking, μ-MRI presents a valuable tool for analyzing archaeological remains in the field of cultural heritage, with the potential for broader applications. Overall, this study contributes to expanding the toolkit available to researchers studying plant remains, providing insights into reed identification and preservation in archaeological contexts.
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1. Introduction


Reeds are herbaceous, rhizomatous, perennial plants belonging to the Poaceae family. They typically grow along rivers or on the edges of ponds in shallow water [1]. They are characterized by robust and lightweight cylindrical stems. The mechanical properties of the fibers they are composed of make reeds strong and elastic [2]. For this reason, reeds have been used for various purposes throughout human history, for example, in the construction of huts [3], rafts and boats [4], tools, and common objects [5]. Reeds have played an important role in the development of music and continue to be used to produce woodwind instruments such as clarinets [6] and the Japanese hichikiri [7]. While it is difficult to estimate when reeds were first used for this purpose, single-toned pipes made of bone (a material less subjected to biodeterioration) have been attested since the early Stone Age [8].



Archaeobotany, the study of plant remains found in archaeological contexts, is of great help in reconstructing past human-plant relationships. Humans have always exploited natural resources not only to obtain food but also to create raw materials such as ropes, fabric, and wood. They have shaped and modified the surrounding environment by domesticating crop plants using land for pasture and agriculture, generally leading to a decline in forest cover [9]. Plant remains can be classified based on size, with macro-remains (e.g., seeds, fruits, and wood) being visible to the naked eye. Their preservation in archaeological layers can occur in different modalities, which include charring and waterlogging [10]. The arid climate, which characterizes Egypt, has favored the preservation of numerous plant materials by desiccation, leaving direct evidence of the past application of reeds. In the Predynastic and Pharaonic periods, Phragmites australis (Cav.) Steud. (common reed), Arundo donax L. (giant reed), and Saccharum spontaneum L. (wild sugarcane) were used to make baskets, ropes, nets, sandals, fishing rods, walking sticks, arrows, and other objects [11,12]. Writing tools were also obtained from culms, which were cut obliquely and split like a quill pen. Culms were not the only plant part being used, as leaves found an application for making mats and wrapping the bodies of the deceased, while rhizomes were used in traditional medicine due to their diuretic and diaphoretic properties [9]. Amongst the three mentioned species, Phragmites australis is reported to have been used the most in the Predynastic and Pharaonic periods in Ancient Egypt [11].



While material evidence already provides much information about the use of reeds by ancient Egyptians, iconography can provide extra insight. Phragmites were used as a hieroglyphic sign [13] and are illustrated on wall paintings, such as those of the Tomb of Puyemre, the Temple of King Sethos I at Abydos [14], and the temple of Ramses III (20th Dynasty) in Medinet Habu [15]. In contrast, the mural paintings in the tomb of Nakht (18th Dynasty) are believed to depict Arundo along with papyrus [14].



In this context, identifying the reed plants preserved in Egyptian tombs is of particular interest, allowing us to assess plant availability and selection of raw materials. An interesting case study is represented by the famous tomb of Tutankhamun (1334–1325 BC—18th Dynasty), discovered by the archaeologist Howard Carter in 1922, where several reed objects were recovered. These include reed arrows (inventory numbers 046a, 048y, and 050yy), baskets (042, 093, 097, 117a, 129, and 146), a kohl tube (044y), a reed pad (052), sandals (094a, 104b), a tray with partitions (119), a cane decorated with gold at both ends (229), a bundle of reeds (249), a torch upon sun-dried brick (263), a pen case (271e), two statuettes of the King upon a float, and a mat (442d) [16]. Reed fragments were also recently recovered from a wooden box containing all the remains swept from the tomb surfaces after all the other objects were photographed (Figure 1). The box was closed in 1933 and stored in the Egyptian Museum in Cairo until 2017. In 2018, it was moved to the Grand Egyptian Museum, where its contents were subjected to scientific analyses [17,18].



Reed Anatomy and Its Study


Reeds are monocotyledons, flowering plants whose seed germinates from one embryonic leaf. This means that, unlike wood, they lack the tissues that form new (secondary) growth in thickness, as well as the vascular cambium and a long-lived primary root [19]. The different layers with different functions can be observed by looking at the stem cross-section, which can be used to identify the plant taxon. Reeds present a circular cross-section outline [20], but a square or triangular outline can be of diagnostic value for specific plant taxa, such as Lamiaceae or Carex [19].



The outermost layer is called the epidermis and can comprise one or more layers. This is followed by the hypodermis, often defined as absent if it does not show significant differences from the adjacent cortical layer, the cortex. The latter can be very narrow or wide and multi-layered. It is delimited on the inner side by the endodermis and sometimes contains some vascular bundles. Vascular bundles, the conducting vessels of the plant, are usually embedded in the sclerenchyma. They can be surrounded by a cap of fibers [19]. Reed stems have vascular bundles with two metaxylem vessels and one phloem pole [21].



Unlike wood, whose diagnostic features are observed along three anatomical sections (transverse/cross, tangential, and radial), reed stem identification is performed by solely observing the cross-section [21]. This is typically performed via optical microscopy (e.g., [21]), although scanning electron microscopy (SEM) can also be used (e.g., [22]). Anatomical differences between Arundo donax and Phragmites australis stem anatomy are slight [22]. For this reason, discerning between the two in archaeological contexts is problematic (e.g., [23,24]).



A recent advance in the study of plant stem anatomy is represented using micro-magnetic resonance imaging (μ-MRI), based on the analysis of magnetic properties of hydrogen nuclei and the resonance phenomenon [25]. μ-MRI allows the observation of the internal anatomy of biological materials and tissues through images representative of the spatial distribution of mobile protons (mainly from water). μ-MRI is a multi-parametric investigation. It provides superimposed anatomical information on chemical–physical and physiological features obtained using MR images “weighted” with different MRI parameters, such as the relaxation times T1, T2, and T2* of water protons surrounding the environment [26]. The μ-MRI technique allows the acquisition of an infinite number of images by virtually slicing the sample with an extremely variable orientation and currently reaches an in-plane resolution of 8 × 8 μm2 [25]. This method has already been used to investigate archaeological wood [25,27,28,29], demonstrating the advantage of not needing to mechanically section the sample, in contrast to the transmitted light microscopy technique. It was also tested against the latter technique, proving to be a promising and complementary wood diagnostic method [25]. In this study, we aim to test, for the first time, the potential of μ-MRI for studying the anatomy of monocotyledon stems. While it is important from a methodological point of view, our study also contributes to the understanding of plant exploitation in the 18th Dynasty of Egypt, shedding some light on the mystery of pharaoh Tutankhamun. In fact, in Germer’s study of plant remains from the tomb of the king [30], numerous reed artifacts were identified as being made of either Arundo donax or Phragmites australis.





2. Materials and Methods


2.1. Sample Preparation


A total of three reed samples were analyzed in the present work. The first two fragments are modern reference samples of reed stems (Arundo donax and Phragmites australis) collected along the shores of the Aniene River, in Rome (RM), outside the Grande Raccordo Anulare, of about 1.5 cm in height and 2 mm in thickness. The third sample is an archaeological fragment of an unknown reed (size ca. 1 × 0.5 cm). A. donax and P. australis were selected because, unlike Saccharum spontaneum, also used in ancient Egypt [31], they have a hollow stem [21,32]. The third sample (size ca. 1 × 0.5 cm) was found inside the box containing the sweepings from the tomb of Tutankhamun and had not been previously identified.



A stereomicroscopic observation was performed prior to this study in an attempt to identify the sample without soaking or cutting. However, it was inconclusive for the identification of the specimen. The size of modern samples was chosen to fit the NMR capillary tube, which has a diameter of 10 mm. The sample preparation (of both archaeological and reference specimens) consisted of soaking the fragments in distilled water until they sank, indicating their complete saturation. This was necessary to exploit most of the potential offered by NMR by increasing the signal-to-noise ratio (SNR) to improve the MR image quality. Sample soaking was also essential for preparing thin sections to be observed via optical microscopy.




2.2. Optical Microscopy (OM)


Thin cross-sections of the soaked samples were later obtained through mechanical cutting using a razor blade, which was used to cut the samples perpendicular to the growth direction of each reed. These sections were then mounted on a slide and observed using a transmitted light Leica DM750 microscope (magnification: 40×, 100×, and 200×). A Leica ICC50W camera and the Leica Application Suite (version 4.13.0) were then used to acquire pictures.




2.3. Micro-Magnetic Resonance Imaging (μ-MRI)


MR images were obtained by virtually cutting the waterlogged samples acquired using a Bruker Avance-400 spectrometer operating at 9.4 T with a 10 mm micro-imaging probe equipped with a high-performance and high-strength magnetic field gradient unit characterized by a maximum gradient strength of 1200 mT/m and a rise time of 100 μ. A FLASH-type sequence, with parameters optimized for the different samples, was used to obtain T2*-weighted images. All the parameters used, such as echo time (TE), repetition time (TR), in-plane resolution (R), number of slices (N° slices), slice thickness (STK), number of scans (NS), matrix size (MTX), field of view (FOV), and acquisition time (AT) are reported in Table 1.





3. Results


3.1. Arundo donax


A thin section of Arundo donax observed via optical microscopy is shown in Figure 2a, allowing us to assess the stem anatomy of the plant. A rather thick epidermis (outer layer) can be observed. This is followed by two layers of small cells and eight layers of larger cells. These are all thick-walled and rounded. No vascular bundles can be observed within the cortex. The sclerenchyma cylinder has a thickness of 6–8 cells, and vascular bundles are interspersed throughout. The vascular bundles are comprised of two very large metaxylem vessels, a protophloem of approximately the same size as the metaxylem vessels, and one or two rather thick-walled, small vessels. Vascular bundles are surrounded by sclerenchyma sheaths, which are thicker on the side of the protophloem and often discontinuous in the proximity of the sieve tubes. These characteristics are in accordance with the description provided by Schweingruber [21].



The T2*-weighted MR image (Figure 2b) makes it possible to see the entire section, 4.3 mm thick, from the epidermis to the inner surface. Most of the features can be observed, with different contrasts. Indeed, T2*-weighted images are characterized by a contrast that depends both on the T2 value and the differences in the magnetic susceptibility between different tissues, which highlights the paramagnetic impurities that may be present in the sample [25]. Although the resolution—lower than in optical microscopy—does not allow for the counting of the number of cells making up each layer, the rather thick epidermis is clearly visible. The thin layer made of rather dark voxels suggests the presence of layers of small cells, with very small lumens characterized by very short T2. This area is followed by a thicker layer of larger cells, characterized by voxels that are lighter due to their bigger lumen size, which causes a slower T2 relaxation. This is caused by filling the elongated cells with water. Vascular bundles can be observed in the sclerenchyma cylinder, while eight rows of vascular bundles are visible in the remaining part of the cross-section (density ~389 vascular bundles/cm2). Vascular bundles appear to be slightly taller than wide and have a width of approximately 250 μm. The MR image also allows us to identify them as being composed of three large cavities (two metaxylem vessels and the protophloem). In some of them, the presence of one or two sieve tubes can also be noticed. The sclerenchyma surrounding the vascular bundles provides dark voxels in the proximity of the protophloem, caused by the difference in the magnetic susceptibility in the different tissues. Moreover, the sclerenchyma cells have a smaller lumen, leading to water being more hindered and defined by shorter T2 values compared to the water stored in the metaxylem vessels. Finally, in the MR image, it is possible to see the inner surface of the stem.




3.2. Phragmites australis


A thin section of Phragmites australis observed using optical microscopy is pictured in Figure 3a, making it possible to describe its stem anatomy. In this case, the epidermis is of medium thickness and is followed inwards by 3–4 layers of very thick-walled small cells. No vascular bundles are embedded in the cortex, while they can be observed in the sclerenchyma cylinder. The vascular bundles resemble those of Arundo donax, except the sclerenchyma sheaths are thinner. This description is in accordance with that provided by Schweingruber [21].



The T2*-weighted MR image of P. australis (Figure 3b) makes it possible to appreciate most stem features with different contrasts. The thickness of the stem is ca. 1.8 mm. The epidermis, slightly thinner than that of A. donax, is characterized by very dark voxels due to the presence of cells with a very small lumen. This layer is followed by a thin cortex. Vascular bundles (with light voxels due to the bigger diameter of the cells they are made of) are visible in the sclerenchyma, while five other rows can be observed in the remaining part of the cross-section (density ~900 vascular bundles/cm2). Vascular bundles appear to be slightly wider than tall and have a width of ca. 200 μm. They are comprised of three large cells (two metaxylem vessels and the protophloem). The vascular bundles are made up of two very large metaxylem vessels, a protophloem of approximately the same size as the metaxylem vessels, and one or two rather thick-walled, small vessels. In some cases, it is also possible to appreciate the presence of one or two smaller cells, the sieve tubes. A thin layer of sclerenchyma surrounding the vascular bundles displays darker voxels due to the difference in the magnetic susceptibility between different tissues. Moreover, sclerenchyma is also characterized by a shorter T2 due to the smaller lumen of its cells. The MR image also shows the inner surface of the stem. The cells that make it up have lighter voxels due to the thinner-walled cells that make it up.




3.3. Archaeological Sample


The thin section of the archaeological sample (Figure 4a) allows us to observe an outer layer composed of approximately six rows of cells with a very small lumen. Another feature that can be seen is vascular bundles. These appear deeply deformed. It is possible to describe only one of them, at a higher magnification (Figure 4b), as composed of three large cavities and a sieve tube. The vascular bundle is surrounded by sclerenchymatous fibers.



The MR image allows us to obtain an overall view of the archaeological sample (2 mm thick), starting from the outer layer (the epidermis) of medium thickness. This is characterized by black voxels due to the smaller lumen of its cells, which hinder water more than the subepidermal cells. The subepidermal tissue is followed by large longitudinal aerenchyma channels, whose function is to facilitate oxygen diffusion from the shoots to the root tips [33]. Going inwards, a dark layer of cortical sclerenchyma is observed. In this case, the darker color is due to the accumulation of paramagnetic substances, which likely indicates an advanced degradation of this area compared to the others. Three vascular bundles, composed of three large cavities each, are embedded in the cortical sclerenchyma. Four rows of vascular bundles of increasing size going inwards are also found in the cortex. These are wider than tall and have an average width of 300 μm. They comprise three large cavities each: two large metaxylem vessels and the protophloem. At least one smaller vessel can be observed in most vascular bundles. Vascular bundles are surrounded by bundle sheath sclerenchyma, which appears thicker going outwards. The overall density of vascular bundles is approximately 465 vascular bundles/cm2. Finally, a thick black layer delimits the inner surface of the stem. The black line indicates dense non-porous tissue where water has not penetrated, with a possible presence of paramagnetic substances which, by producing a local inhomogeneity of the magnetic field, drastically reduce the signal intensity [34].



The μ-MRI images, obtained by virtually cutting the sample, allowed us to observe the whole reed fragment, retaining its diagnostic features. Thus, it was possible to identify the archaeological fragment as Phragmites australis. The identification was based on a series of factors, including the overall thickness of the sample (from the epidermis to the inner surface of the stem). Another feature was the clearly lined inner surface and rather thin sclerenchyma sheaths surrounding the vessels. Furthermore, vascular bundles appear wider than tall in the archaeological sample, as in the reference sample of P. australis. However, the most striking feature was the presence of large aerenchyma channels. These were not observed in either of the selected modern reference samples from the emerging part of reeds. Aerenchyma channels are completely absent in Arundo donax and present in submerged culms of Phragmites australis [35]. The presence of aerenchyma channels appears to be related to the water table level, as emerging parts appear to lack aerenchyma, which is evident in the waterlogged parts [36]. This difference can also be observed in samples analyzed by Kawasaki et al. [7]. This leads us to believe that the studied archaeological sample corresponds to a submerged reed part.





4. Discussion


The aim of this paper was to test the application of micro-magnetic resonance imaging for the examination of plant stems. To this end, we included a comparison of optical microscopy and μ-MRI, showing that the first technique attains a higher image resolution compared to the second, as already reported by Stagno et al. [25]. However, the image resolution in MRI is not strictly limited by the technique itself; instead, it depends on the instrumentation used, particularly the strength of magnetic gradients. In fact, spectrometers that feature more powerful magnetic gradients can achieve resolutions of approximately 1 μm [25]. Despite having a lower resolution compared to optical microscopy and scanning electron microscopy, the application of μ-MRI in this specific context, involving an archaeological mummified/desiccated sample, allowed us to obtain considerably clearer images of the studied archaeological specimen. While the obtained image retains a high resolution, the studied sample lost integrity upon being cut with a razor blade and could no longer be used for diagnostic purposes. This problem was not encountered with μ-MRI, as all the images were obtained by a virtual cut of the sample, allowing us to observe the whole reed fragment as well as retain its diagnostic features.



Although numerous parameters, such as the thickness of the cross-section, the shape and size of the vascular bundles, and the number of rows of vascular bundles in the cortex, were used for the identification of the archaeological sample, the presence of aerenchyma channels was a crucial diagnostic criterion. These channels are air-storing tissues at the rhizome periphery of Phragmites australis, typically rectangular in this species [35]. These are not present in Arundo species [35]. The existence of well-developed aerenchyma systems is a significant anatomical adaptation that facilitates the transfer of oxygen from above-ground organs to rhizomes and roots [37]. However, this type of structure is only present in the submerged parts of reeds [36]. It is for this reason that aerenchyma channels were not observed in the modern reference sample of P. australis investigated in this study.



When evaluating the proposed method, it is worth considering the necessity of soaking a sample for μ-MRI analysis. While this does not represent an issue for waterlogged archaeobotanical remains, this problem cannot be omitted when it comes to evaluating the advantages and disadvantages of applying μ-MRI for the study of desiccated and charred material. Compared to optical microscopy—which requires a fresh or soaked sample for the preparation of thin sections or even embedding in resin when detailing with particularly fragile or degraded plant material [38]—μ-MRI proves to be a less-invasive method. This technique, in fact, only requires soaking the sample and placing it in the NMR capillary tube. Images are then acquired by virtually orienting and slicing the specimen [25], avoiding manipulation and limiting the required sample size. On the other hand, variable pressure scanning electron microscopy (VP-SEM), which has been used in the past for the study of archaeological reeds (e.g., [23]) and is still the preferred method for non-invasive and non-destructive analysis, has the advantage of not requiring sample preparation, including soaking [39]. However, it is preferable for observed wood/stem surfaces to be rather even, which can be achieved in different ways, such as fracturing charcoals [40] or preparing thin sections of waterlogged wood and treating them with albumin [41]. Another issue relates to sample size limitations, which are determined by the diameter of the NMR tube [25] or the VP-SEM chamber [39]. For this reason, when dealing with bigger samples (such as the ones subject of the present study), subsampling can prove to be necessary for all the discussed techniques. Nevertheless, it is important to highlight that sample size limitations are not dependent on either of the techniques but rather on the available instrument model [29].




5. Conclusions


In the present paper, we evaluated the application of μ-MRI for identifying archaeological reeds, which proved highly beneficial. In fact, in this specific case, it allowed us to clearly observe the transversal section of the studied sample, which, in contrast, disintegrated through cutting with a razor blade made to obtain a thin section for the conventional optical microscopy inspection. While μ-MRI requires soaking a sample in water, unless this is already preserved by waterlogging, it offers the advantage of providing a great variety of image contrasts associated with various chemical, physical, and physiological features. To obtain high-resolution MR images, other than high magnetic gradient strength, a small-bore magnet and a small field of view are required. Therefore, μ-MRI is suitable for analyzing small samples unless a larger-bore instrument, such as those used for the investigation of small animals, is employed. Therefore, it is possible to evaluate carrying this type of analysis on a subsample of the studied object. From a methodological perspective, this study introduces a novel application of nuclear magnetic resonance in the field of cultural heritage, which has the potential to be tested on a wider range of materials. Increasing the number of analytical approaches available for studying cultural heritage objects, with a focus on plant remains, will have several positive implications. Firstly, this has the potential to make scientific analyses more widespread and accessible, thus providing valuable information about numerous artifacts and contributing to the knowledge about plant exploitation by past communities. Secondly, this could represent an additional stimulus for technological development, which we are confident could lead to higher-resolution NMR images, further improving the quality of this type of analysis.
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