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During the Late Mousterian period Apulia (southeastern Italy) was characterized by frequent and prolonged aridity that could have caused the scarcity of vegetable foods and, consequently, a lack of important nutritional compounds. Zooarchaeological studies from several Mousterian contexts show that Apulian Neanderthals may have responded to this crisis by increasing the exploitation of ungulates. In particular, bone grease rendering was likely one of the dominant activities conducted on-site. Anthropologists and nutritionists have long recognized that the diets of modern-day hunter-gatherers may represent a reference standard for human nutrition in the past and a model for their adaptation to specific environmental conditions. In addition, evaluating of certain qualitative and quantitative aspects of the animal/plant nutrient intake and absorption may provide important information regarding the nutritional needs and the physiology of these human groups. In this analysis, we combine ethnographic data related to animal economic subsistence patterns of hunter-gatherers, zooarchaeological data from Late Mousterian assemblages located in Apulia, the physiology of medium-large ungulates, as well as new paleo genomic analyses of Neanderthals and modern humans. Analyzing and displaying multiple sources of information allowed us to quantify a low daily energy intake from carbohydrates for Late Mousterian populations in southern Italy, in contrast to a surplus of animal protein and fats, obtained from the specific treatment of carcasses inferred from the zooarchaeological data.
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1 Introduction

Climate and environmental constraints have strongly influenced human behaviors and cultures forcing past communities to develop peculiar settlement techniques to overcome these limits (Agustí et al., 2009; Timmermann et al., 2022).

Several archaeological records provide evidence that Neanderthals were able to adapt to harsh environments through their hunting capabilities focused upon specific animal species (Gaudzinski, 1995, 1996; Jaubert et al., 1990; Farizy et al., 1994; Brugal et al., 1996; Airvaux, 2004), as well as exploiting wider spectrum of different resources (Blasco et al., 2022 and references therein, Hardy, 2019).

Banks et al. (2021) demonstrated that between MIS 5a and MIS 4, Western European Neanderthals developed highly adaptive cultural innovations to continue exploiting habitual environments affected by pronounced climate change. This coincided with the appearance of the Quina lithic production system during MIS 4 in some areas of Europe (Banks et al., 2021).

Analyzing occlusal molar microwear texture in Western Eurasian Paleolithic hominins, El Zaatari et al. (2016) demonstrated behavioral differences that distinguish modern humans from Neanderthals, in relation to fluctuations in climatic conditions of the Pleistocene. They evidenced that Neanderthals altered their diets in response to changing palaeoecological conditions, in contrast to Homo sapiens, who seem to have been less affected by slight changes in vegetation/climatic conditions, modifying their technological complexes accordingly.

Unquestionably, diet represents the functional link through which climatic and environmental factors can cause strong evolutionary pressures, leading to different patterns in resources use. In this regard, analysis of the nutritional qualities and energetic costs of acquiring and processing of foods can help identify the nutritional needs of the Paleolithic hunter-gatherers. Eaton et al. (1997) and Eaton and Konner (1985) reconstructed a Paleolithic diet and their model was revisited by Cordain et al. (2000, 2001). All these authors suggested lower consumption of carbohydrates and higher intakes of protein and polyunsaturated fatty acid (Eaton et al., 1998; Cordain et al., 2001).

When the environmental constraints are extended for a long time, even genomic mutations can occur (Ameur et al., 2012). Although an ever-increasing number of works in recent years have focused on understanding in greater depth the Neanderthal genome (Cerqueira Caio et al., 2012; Weasel, 2022; McArthur et al., 2021), little effort has been made to investigate the possible physiological characteristics that can be inferred from the expression of the identified genes in these human groups. Southern Italy offers us the opportunity to study the adaptations and responses of Neanderthals to climate changes and to different environmental conditions in depth, at a regional scale and over a long period, due to its richness in Middle Paleolithic sites with well dated long-term stratigraphies spanning from MIS 5 to MIS 3 (Boscato and Crezzini, 2012a,b; Boschin et al., 2021). In the last 20 years detailed zooarchaeological analyses on faunal assemblages from different sites in southern Italy referable to both Mousterian and Upper Paleolithic technocomplexes (MIS 4-3), give us the possibility of identifying differences in animal exploitation between Neanderthals and modern humans. It was possible to highlight a particular treatment of carcasses during the Mousterian, not recorded in Upper Paleolithic samples (Crezzini et al., 2023; Boscato et al., 2006; Boscato and Crezzini, 2012a,b).

In this work, considering the ethnographic data related to the economic subsistence patterns of hunter-gatherers, we merged zooarchaeological and palaeoecological data with the nutritional value of the anatomical parts in medium-large ungulate carcasses. Additionally, a paleo genome- analysis was carried out to investigate possible genetic bases of the differences in fat metabolism between Neanderthals and modern humans.

The aim of this work was to investigate the likely quality and quantity of the dietary macronutrients comprised in the Last Mousterian diet through peculiar zooarchaeological data from southern Italy.



2 Materials and methods

The zooarchaeological data considered in this study is related to Late Mousterian ungulate assemblage from Grotta di Santa Croce (SUs 525-535-539) dated to the end of MIS 4/beginning of MIS 3 (Boscato and Crezzini, 2006; Ciullo, 2016; Boscato, 2017; Crezzini et al., 2023) (Supplementary Figure 1B, see also text in Supplementary material). The faunal composition is dominated by only two species: the horse and the aurochs, while a third taxon, the red deer, is represented by a femur fragment (Supplementary Tables 1, 2).

The assemblage is characterized by strong fragmentation, and it mainly comprise 3–6 cm size class remains. This likely increased the high identification of isolated teeth compared to postcranial elements. Among the latter, carpal and tarsal bones, as well as phalanges and sesamoids are scarce or absent and long bones are mainly represented by diaphyseal fractions rather than epiphyseal portions (Supplementary Tables 2–4) (Crezzini et al., 2023). In addition, a high ratio of diaphysis/epiphysis fragments and a low quantity of spongy bone remains are recorded in the taxonomically unidentified sample (Boscato and Crezzini, 2012a,b).

The bone sample does not show alterations from carnivore activities or post-depositional processes. The relationship between aurochs and horse skeletal elements and bone density indicated that the BMD does not fully explain the peculiar skeletal frequencies of these taxa (Crezzini et al., 2023). Analysis of tooth eruption and wear points to the exploitation of adult individuals, rather than juveniles and sub-adults (Crezzini et al., 2023).

The ungulate assemblage composition from two other important Mousterian assemblages from Apulia, Grotta del Cavallo – SU F (Nardò – province of Lecce) and Riparo l'Oscurusciuto – SUs 2, 4, and 9 (Ginosa – province of Taranto) show strong similarities with that of Grotta di Santa Croce (Boscato et al., 2006, 2010; Boscato and Crezzini, 2006, 2012a,b; Boscato, 2017; Crezzini et al., 2023).

These samples (where the aurochs is the most common ungulate, followed by horse and/or red deer) are all dated to MIS 3 and the sites are close to each other (about 120 km as the crow flies, Supplementary Figure 1A) It is important to keep in mind that investigations carried out in these three sites are different depositional contexts: a rockshelter (Riparo l'Oscurusciuto), a cave (Grotta del Cavallo) and a talus (Grotta di Santa Croce). This reduces the possibility that similarities between samples are biased by similar post-depositional factors. No evidence of the systematic use of bones as fuel was recorded (Spagnolo et al., 2016): the lack or scarcity of spongy elements in Apulian assemblages, together with the evidence of fresh-bone breakage, it was interpreted as an intense exploitation of bone marrow and grease by Neanderthals (Crezzini et al., 2023).

An assessment of the presence of aurochs skeletal parts from Grotta di Santa Croce as a function of their economic significance, such as modified total products, skeletal fat utility, protein and white grease fat content was carried out by Crezzini et al. (2023), using the economic anatomy of nowadays bison examined by Emerson (1990, see data relate to the individual of bison indicate by Emerson with the name SAM). In our work, we enlarged this analysis by investigating the skeletal frequencies of Bos primigenius as a function of their caloric and energetic values, in order to investigate the possible energetic contribution provided by animal food in Neanderthal diet.

The calorie yield of the carcass products indicated by Emerson (1990) are reported in Tables 1, 2. In addition, we added in each of the tables two new columns.


TABLE 1 Bone grease grams and energy yield of the bison carcass products (Emerson, 1990).

[image: Table 1]


TABLE 2 Protein grams and energy yield of the bison carcass products (Emerson, 1990).
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In Table 1 the new columns contain the bone grease grams and the relative energy yield (KJ) of carcass products, while in Table 2 the new columns contain protein grams and the relative energy yield (KJ) of carcass products. We calculated these values as follows:
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The bone grease and the protein grams were calculated using the reverse process followed by Emerson to calculate the respective of calorie yield values (see Emerson, 1990, p. 888). To estimate the possible energetic contribution provided by plant food in Neanderthal diet, we considered the macronutrient composition and energy value of plants suggested by Eaton et al. (1998). Finally, we assumed a daily energy intake of 12,500 KJ, as suggested by Kuipers et al. (2010) for the Palaeolithic hunter-gatherers, and we used the equation suggested by Eaton and Konner (1985) for the determination of the projected macronutrient composition of pre-agricultural diets:
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where Ca and Cp are the assumed proportions of animal and plant foods consumed, A is the mean energy content (KJ/gr) of animal foods and B is the mean energy content (KJ/gr) of plant foods. Considering a database of 21 wild animal foods and 44 plant foods, Eaton and Konner (1985) suggested the following values: A = 5.90 KJ/gr (or 1.41 Kcal/gr) and B = 5.40 KJ/gr (or 1.29 Kcal/gr). The variable x represents the total number of grams required to provide any given amount of food energy. For genomic investigations, among all the published human ancient genomes, we selected individuals present complete (or almost complete) genome with at least 2 × coverage and with available alignment files (in BAM format) mapped on Homo sapiens reference genome assembly GRCh37/hg19. Finally, 14 archaic human genomes were obtained (Table 3).


TABLE 3 Estimated haplotype of the FAD genes in ancient individuals.
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Moreover, we included 2 unpublished ancient individuals processed in the Laboratory of Anthropology (University of Florence) for other research projects. The haplotype analysis was based on the 28 SNP positions, previously found to distinguish haplotypes A and D (Ameur et al., 2012), spanning a 38.9 kb region that includes the promoter regions of FADS1 and FADS2. The variants were called using bcftools (RRID:SCR_005227, v1.16) (Li et al., 2009). Only the reads with a minimum mapping quality of 30 were used to call confident bases.



3 Results


3.1 Dietary macronutrient composition of the Apulian Neanderthals

During the Late Mousterian period Apulia was characterized by frequent and prolonged drought climate conditions.

Speleothem data (covariation of δ18O and δ13C) recorded on stalagmite PC from Pozzo Cucù Cave (Apulia, 40.90° N, 17.16° E), indicated two periods of extremely dry conditions: from 66.7+0.9/−1.2 to 65.6+1.1/−1.3 ka during MIS 4, and from 55.3+1.1/−2.5 to 54.9+1.1/−2.7 ka during MIS 3. The occurrence of these events fit with speleothem, lacustrine and marine records from the Mediterranean region. These periods are considered as the driest and probably coldest of the entire MIS 5–3-time span, at least in southern Italy, and the event at ~55 ka was certainly the driest of the entire record (Columbu et al., 2020 and references therein).

These climate conditions could have caused the scarcity of vegetable foods for Apulian Neanderthals (Boscato and Crezzini, 2012a; Boschin et al., 2021).

Consequently, in this analysis we use a P: A energy subsistence ratio of 15:85, considering mean subsistence economies by primary living environment in hunter-gatherer societies (Cordain et al., 2000, 2002; Speth, 2010). A significant value of plant contribution was assumed due to the archaeological evidence of plant use/collection from some Neanderthal sites (Henry et al., 2011; Hardy et al., 2012; Salazar-García et al., 2013; Power et al., 2018; Mariotti Lippi et al., 2023). Thus, through the equation suggested by Eaton and Konner (1985), the total number of grams required to provide the necessary amount of food energy in our model is:

[image: image]

Under these idealized and probably intermittent isocaloric conditions, the total daily food intake of 2,146 gr would have been provided by 1,824.1 gr of animal food (85%) and 321.9 gr of vegetable food (15%).

The daily energy intake derived from the consumption of these food quantities, respectively is (Supplementary Table 5):

[image: image]
 
3.1.1 The aurochs consumption

In the Grotta di Santa Croce assemblage, no remains of birds, fish and mollusk were recorded. Aurochs and horses (more rarely red deer) were hunted by Neanderthals (Supplementary Tables 1, 2) (Boscato et al., 2010; Crezzini et al., 2023). In the estimation of the macronutrients of these human groups we decided to consider only the exploitation of aurochs as animal food. Our decision was based on three different reasons: the need to simplify calculations in the construction of a food model for Neanderthals of Grotta di Santa Croce, the high presence of Bos primigenius in the Apulian Middle Palaeolithic zooarchaeological assemblages, indicating this species as one of the most widespread and exploited prey by humans in this area (Boscato et al., 2006, 2010; Boscato and Crezzini, 2006, 2012a,b; Boscato, 2017), and the availability of a detailed macronutrient quantitative and qualitative distributions in bovid carcass reported by Emerson in her study on the economic anatomy of nowadays adult bison (Emerson, 1990).

Emerson reported that the carcass weight of the examined individual was 640 Kg (Emerson, 1990, Table 2.4, p. 32). Levine et al. (1973) suggest that in ungulates in which the hooves, antlers, hide, and internal gastrointestinal contents were discarded, the remaining carcass represented 72% of the live weight. Therefore, we consider an edible carcass weighing 460.8 Kg. Pitts and Bullard (1968) demonstrated that the percentage body fat of a mammalian species can be estimated from its relative size via a formula:
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Where FFM is the fat-free mass expressed in grams. For the bison examined by Emerson (1990) this value is 116.9 Kg (Emerson, 1990, note a, Table 6.7, p. 456, individual SAM), that give a percentage body fat of 19.5. This represents the x parameter included in the equation from Cordain et al. (2000 – Figure 3; p. 687):
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useful to determine the relative contribution of fat energy from game food. Thus, an animal with 19.5% body fat would derive 71% of its energy as fat that, in our case, correspond to 7,641.02 KJ (10,762 KJ × 0.71) or to 1,826.24 Kcal (Supplementary Table 5). The relative contribution of protein energy from hunted animal food was also determined by using the equation proposed by Cordain et al. (2000 – Figure 3, p. 687):
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We found that an animal with 19.5% body fat would derive 29% of its energy as protein, which corresponds to 3,120.98 KJ (10,762 KJ × 0.29) or to 745.93 Kcal (Supplementary Table 5).



3.1.2 The vegetal consumption

For the macronutrient composition and energy value of plant foods we considered the following distribution: 19 en% of fat, 13 en% of protein and 68 en% of carbohydrate (Eaton et al., 1998). This allowed us to determine, for an assumed P: A subsistence ratio of 15:85 and an energy intake of 12,500 KJ, the contribution of 243.75 KJ (0.13 × 0.15 × 12,500 KJ) or 58.25 Kcal from plant protein; the contribution of 356.25 KJ (0.19 × 0.15 × 12,500 KJ) or 85.14 Kcal, from plant fat; and a contribution of 1,275 KJ (0.68 × 0.15 × 12,500 KJ) or 304.73 Kcal from plant carbohydrates (Supplementary Table 5).




3.2 The intake and the metabolism of different macronutrients

In the previous paragraph we calculated the grams of animal and plant food that would have had to be consumed by Apulian Neanderthals on a P: A = 15%:85% diet and the energy contribution provided by different macronutrients.

Regarding animal food, we do not know which parts of the bovid carcass would have been preferably meet Neanderthal daily energy requirements. By comparing the macronutrients/energy data calculated in the previous paragraph and the economic values of bison parts reported by Emerson (1990) with the skeletal frequencies recorded at Grotta di Santa Croce (Supplementary Tables 2–4) (Crezzini et al., 2023), we aim to investigate some peculiar aspects of aurochs' exploitation by southern Italy Neanderthals, likely related to their nutritional needs.

In addition, the section on carbohydrates includes speculations on the possible contributions provided with plant food. Finally, we describe the results of our preliminary research on the fat metabolism related to characteristic mutations of FADS1 and FADS2 genes.


3.2.1 Lipids

Examining the energy intake (KJ) related to the different anatomical parts of bison published by Emerson (1990) it is noteworthy that the rare or absent aurochs skeletal elements at Grotta di Santa Croce are characterized by the highest values of bone grease (carpal and tarsal bones, proximal and distal femur, proximal humerus, distal radius, distal metapodials, phalanges) (Table 1; Supplementary Tables 2–4).

Exploitation of skeletal fat only from these bones could provide about 11,172 KJ (2,670 Kcal), a higher amount of energy than the total provided by animal food calculated in this paper (about 10,762 KJ or 2,572.2 Kcal, Supplementary Table 5), for an assumed P:A subsistence ratio of 15:85. Such amounts of energy from these skeletal elements can be obtained through only 296.7 gr of bone grease intake, a small amount in respect to the total grams of animal food that probably must have been included in the Neanderthal diet hypothesized in this study (1,824.1 gr). A low quantity of bone grease rendering (about 100 gr) from specific skeletal portions such as distal radius, carpals, distal tibia, tarsals, distal metapodial and phalanges (the rarest aurochs bones recorded in the Grotta di Santa Croce assemblage) provides about 4,104.5 KJ, more than half the energy from animal fat calculated in our model (7,641.02 KJ, Supplementary Table 5).



3.2.2 Protein

According to the hypothesized diet in this paper, Apulian Neanderthals should have obtained about 3,120.98 KJ (or 745.93 Kcal) from animal protein (Supplementary Table 5). At Grotta di Santa Croce the aurochs body parts are positively correlated with their protein quantity (p = 0.27, Crezzini et al., 2023, Figure 6, p. 8).

This correlation is not significant, but the highest MAU (Minimal Animal Units) values are related to the medial portions of humerus, tibia and femur (Supplementary Table 3). Excluding the scapula (which still present), these skeletal portions provide the largest amounts of energy from protein (Table 2). Archaeological records indicate that European Neanderthals and quasi-contemporary modern humans of the mid-Upper Paleolithic may have had to rely repeatedly on diets characterized by large (excessive) amounts of animal protein. This evidence comes from isotope studies of the fossil human remains: the collagen of these Late Pleistocene humans is more enriched in 15N than that of contemporary carnivores (Lee-Thorp and Sponheimer, 2006; Robbins et al., 2005). However, it is noted that the maximum amount of lean meat that a forager can safely consume is finite. This is due to the limit of the liver that can no longer effectively deaminate the amino acids to avoid a hazardous build-up of ammonia (hyperammonemia) and excess amino acids (hyperaminoacidemia) in the blood (Dimski, 1994; Husson et al., 2003; Powers-Lee and Meister, 1988).

If protein averages about 16% nitrogen, a widely used value to estimate total or “crude” protein that an 80 kg (176 lb) adult can consume is about 261 gr per day (range 221–305 g) (Cordain et al., 2000; Mann, 2000).

If we consider the meat nutritional value of the proximal humerus of bison reported by Emerson (1990) (Table 2), we can calculate the energy provided by the consumption of 200 gr of meat recovered from this anatomical part:
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This suggests that Neanderthal (an 80 kg adult) could probably obtain the entire quantity of energy from animal protein (3,120.98 KJ) assumed in our model by consuming a “safe” amount of bovid protein.



3.2.3 Carbohydrates

In our hypothesized diet, the proportion of plants consumed is low. The amount that would have been consumed slightly exceeds 320 gr. The energy from fat and protein (356.25 and 243.75 KJ respectively, Supplementary Table 5) probably could be easily offset by the high availability of animal resources. On the other hand, plant carbohydrates would contribute the highest value: 1,275 KJ (Supplementary Table 5). This daily energy contribution from plant carbohydrates appears to be quite high if we consider the quality and quantity of plant resources recoverable in a prairie-steppe environment such as that hypothesized for the Late Mousterian in Apulia (Columbu et al., 2020; Boschin et al., 2021). Studies conducted to investigate biochemical characteristics of common steppe species indicate a low caloric content of their seeds (generally the plant structure with the higher nutritional value). Examining the seeds of Oryzopsis hymenoides (Poaceae), Kelrick and MacMahon (1985) determined a value of 4,058 calories per gram (Table 2, p. 67). This value corresponds to 16,9 KJ. The (soluble and structural) carbohydrates represent 49.1% of the total seed weight (Kelrick and MacMahon, 1985, Table 3, p. 68). Therefore, to reach the daily amount of carbohydrate energy from plants assumed in our model, Neanderthal would have had to consume daily about 75.4 gr of these seeds.



3.2.4 The paleogenome analysis

If the zooarchaeological data from the investigated Late Mousterian contexts of southern Italy indicated an intense exploitation of fats by Neanderthals, analogous analyses on faunal assemblages from different sites in southern Italy referable to Upper Palaeolithic, don't evidence this settlement pattern in modern humans, although the preys remained the same (Boscato and Crezzini, 2012b). To find a possible genetic basis for these resource needs by Neanderthal, we analyzed FADS1 and FADS2 genes for Neanderthals and modern human.

These genes, located in chromosome 11, encoding two key enzymes for the long-chain polyunsaturated fatty acids (LC-PUFAs) biosynthesis (Nakamura and Nara, 2004), the omega-3 docosahexaenoic (DHA) acid and the omega-6 arachidonic acid (AA). LC-PUFAs are essential to maintain the function of human brain and central nervous system and they can be supplied through dietary intake as DHA and AA directly or as their 18-carbon precursors. DHA is mainly found in fish, AA is also present in eggs, land-animal fats, and liver while the precursors are found in high quantities in some vegetable oils (Ratnayake and Galli, 2009). The conversion of the 18-carbon precursors to LC-PUFAs is done through a series of elongations and desaturations of the fatty-acid molecules and the efficiency of this process is strongly correlated with enzymes encoded by FADS1 and FADS2 (Schaeffer et al., 2006; Bokor et al., 2010). In extant human populations, two FAD haplotypes (A and D) were identified – defined by 28 closely linked SNPs – that differ in their ability for synthesizing LC-PUFAs (Ameur et al., 2012). Haplotype D, is characterized as an enzymatically efficient gene signature, showing significantly increased desaturase activity. It is nearly fixed in African populations, while in Europe and the Middle East shows a frequency of 75%. Haplotype A is associated with a reduction in the enzymatic efficiently and its frequency is close to 100% in American populations. Recent data suggests that the functionality of diverse fatty acid desaturase enzymes found in humans today have been shaped over the course of evolution by environmental, dietary, and nutritional selective pressures in combination with genetic events, such as duplications, losses, and mutations (Castro et al., 2012; Vicedomini et al., 2021). Moreover, Ameur et al. (2012) observed that primates and archaic humans, notably the Neanderthals and the Denisovans, have haplotypes that are very similar to haplotype A, suggesting that haplotype D likely appeared in modern human lineage after the split from the common ancestor with Neanderthals. According to this observation, we investigated the possible interaction between genetic variants of FAD genes and regional exclusive dietary in Neanderthals and ancient modern humans. With this aim, we analyzed genomic data of 16 ancient individuals from different regions and cultures, which include 3 high coverage genomes of Neanderthal (Prüfer et al., 2014, 2017; Mafessoni et al., 2020), 7 Upper Paleolithic and Mesolithic hunter-gatherers (Fu et al., 2014; Svensson et al., 2021; Higgins et al., 2024; Posth et al., 2023; Jones et al., 2015; Lazaridis et al., 2014; Günther et al., 2018), 5 Neolithic farmers (Lazaridis et al., 2014; Broushaki et al., 2016; Gamba et al., 2014; Gallego Llorente et al., 2015; Wang et al., 2023) and one individual from Roman age (Table 3), focusing on the 28 SNPs that distinguish haplotypes A and D.

Our analysis showed that all Neanderthals have nucleotide variants found on both human haplotypes but with high similarity with haplotype A, confirming previous results based on incomplete sequence of Neanderthal genome (Ameur et al., 2012). Interestingly, Chagyrskaya 8 and Vindija 33.19, who are more closely related to each other than to the Neanderthal from Denisova Cave (Mafessoni et al., 2020), share seven deletions absent in Denisova 5 (Table 3).

Regarding the Upper Paleolithic hunter-gatherers, all the specimens analyzed were homozygous for haplotype A, except for Peştera Muierii, an Early Upper Paleolithic woman from Romania (Svensson et al., 2021) which displays a higher genetic variability with 12 heterozygous variants. The ancestral haplotype A is also recovered in Mesolithic individuals from Luxembourg (Lazaridis et al., 2014) and from Scandinavia (Günther et al., 2018).

Starting from the Neolithic period, we observed the first evidence of the derived haplogroup D. Among the early farmers, Mota, a 4,500-year-old individual from Ethiopia (Gallego Llorente et al., 2015), carry mixed FADS haplotype consistent with a progressive reduction of haplotype A by recombination with haplotype D in African populations. Additionally, our results indicate that Neolithic individuals from Europe and the Near East were characterized by a high genetic variability in FAD genes as suggested by the observed heterozygosity which is not found in the Paleolithic specimens. In our ancient dataset, the first occurrence of homozygous haplotype D was detected in a historical individual from Roman period.





4 Discussion


4.1 Lipids

At Grotta Santa Croce aurochs body parts are positively and significantly correlated with Unsaturated Marrow Index (p = 0.006; Crezzini et al., 2023). Binford (1978) mentions that marrow with high oleic acid content being more desirable in Nunamiut people due to its taste. However, mere flavor can't represent the only reason when considering an adaptation for exploiting the marrow from specific ungulate body parts (Binford, 1978).

Besides a specific taste, differences in fat chemistry cause different consistency, appearances and melting points that may be useful both to obtain satiety, delay postprandial appetite sensations, increase energy intake, and for daily activities, like waterproofing clothes, heat production, mechanical buffering and lubrication (Hadley, 1985; Klaus, 2001).

In recent medical literature there is a lack of consensus regarding whether changes in the saturation profile of a high-fat meal can affect post-ingestion satiety and energy intake (Burton-Freeman, 2005; Kamphuis et al., 2001; Strik et al., 2010).

On the other hand, it is possible that the Palaeolithic hunter-gatherers were “aware” that the consumption of resources characterized by specific fat chemistry could have a long-term effect on their health (Outram, 1998).

Oleic acid, together with other18-C FA compounds, is an important precursor for the de novo biosynthesis of pivotal substances like LC-PUFA (DHA and AA) through elongations and desaturase activity by enzymes encoded by specific genes including FADS1 and FADS2.

The marrow and the bone grease of the distal limb bones, the most represented ungulate parts, together with the skull, in Palaeolithic contexts, are characterized by the higher percentage of oleic acid and other 18-carbon unsaturated fatty acids like ALA and LA (Morin, 2007).

The presence in both Neanderthal and modern humans of the ancestral FAD haplotypes (A), characterized as an enzymatically less efficient gene signatures could explain the significant exploitation of these parts of the ungulate carcasses to ensure the biosynthesis of a sufficient amount of LC-PUFA, achievable only through the intake of high quantity of their precursors.

Focusing on our Mousterian faunal assemblage, these dietary habits could have been particularly crucial for Apulian Neanderthal due to specific environment constraints. During the frequent and prolonged drought climate conditions that characterized the Late Mousterian period in this region (Columbu et al., 2020), the availability of 18-C FA compounds, contained in high quantities in vegetable food could have been very scarce.

Examining the percentages of oleic acid in caribou anatomical parts published by Binford (1978), it's possible to note that the most exploited skeletal elements at Grotta di Santa Croce contain higher amounts of oleic acid in skeletal grease than in marrow (Supplementary Table 3).

The specific exploitation of bone grease by Apulian Neanderthal could be related to the necessity of increasing the intake/absorption of 18-carbon precursors to LC-PUFAs from animal resources, through intense bone fragmentation/destruction of the limb bone epiphyses, the carpals, the tarsals, and the phalanges.



4.2 Proteins

Despite the large number of studies, the amount of protein that one can safely consume on a long-term basis is a topic in need of much more research, and different amounts are suggested according to different human groups (past and present) (Speth, 2010). The human body can adapt to changes in consumption by regulating the enzymes involved in protein metabolism and urea synthesis. This process of adaptation may take a few days to complete, a period longer than the duration of many of the nutritional studies designed to explore the effects of high-protein intakes (Institute of Medicine, 2005).

It is noted that arctic people present genome mutation that allows them avoid toxicity with ingestion of high amounts of meat (Clemente et al., 2014), through a diet with a P:A ratio very unbalanced toward animal resources (Binford, 1978; Sinclair, 1953).

If as calculated in our work, already low amounts of protein could meet the animal protein energy requirements of Apulian Mousterians, what advantage could a probable excess of protein intake (probably above the safe limit of 261 g for an adult weighing 80 kg) have? This issue is addressed in the next paragraph.



4.3 Carbohydrates

The gathering pattern of plant food in Palaeolithic can be predicted by the “optimal foraging theory” (Hawkes et al., 1982; Simms, 1987). Studies of hunter-gatherers have shown that the plants were collected with a general prioritization that maximizes the rate of energy capture relative to energy expenditure. More than 100 plant species can be used, but only a small fraction of these were regularly consumed and providing the greatest ratio of energy capture to energy expenditure (Simms, 1987; O'Connell and Hawkes, 1981).

This optimal foraging has been complex to implement in a prairie-steppe environment like that probably present in Apulia during the Late Mousterian. Zimov et al. (2012) indicate that typical steppe which developed during the Late Pleistocene in Europe is understood to have comprised primarily plant taxa as Cyperaceae, Artemisia, and Gramineae. Many species of Cyperaceae store carbohydrates in their underground systems, but not all are edible, and some require processing to access the nutrients (Zhang et al., 2024). Artemisia is a genus of bitter-tasting aromatic herbs and shrubs with strong chemical constituents that can be poisonous (Bora and Sharma, 2011). Gramineae (Poaceae) is a family of grasses widely spread in different vegetal ecosystems. Despite this, it includes taxa that store their energy as carbohydrates largely in its rhizomes and so it must be dug out (Hardy et al., 2022).

Other Gramineae species produce small edible seeds are characterized by low rates of energy. This is the case of Oryzopsis hymenoides (Eriocoma hymenoides) described in the previous paragraph: in respect to the amount admitted in our Neanderthal model, a low return of carbohydrate energy from this type of plant could be obtained, with high energy expenditure due to the collection of large quantity of their small seeds. The carbohydrate intake in these human groups could thus have been low.

As suggested by Hardy et al. (2022), although individual and short-term survival is possible on a relatively low-carbohydrate diet, Neanderthals had large, energy-expensive brains and led physically active lifestyles, suggesting that for optimal health they would have required a high intake of carbohydrates, in particular glucose. The European Food Information Council (EUFIC) indicates that a modern normal weight adult requires 200 gr of glucose per day, two-thirds of which (about 130 grams) is specifically needed by the brain to cover its glucose needs (Howarth et al., 2012). Despite the brain accounts for ~2% of the body weight, it consumes ~20% of glucose-derived energy (Institute of Medicine, 2005; Sweeting et al., 2021).

One hypothesis is that to meet this need, high-performance physiological processes capable of regulating blood glucose might have been present in Neanderthals. Among these processes, gluconeogenesis that needs to be given the most consideration (Hardy et al., 2022).

Gluconeogenesis (i.e., de novo synthesis of glucose) occurs in the liver and kidneys, it is stimulated by the diabetogenic hormones (glucagon, growth hormone, epinephrine, and cortisol). It is a metabolic pathway that results in the biosynthesis of glucose from certain non-carbohydrate carbon substrates like glycerol (derived from fat breakdown), lactate (derived from muscles), propionate and certain specific amino acids obtained from the breakdown of proteins (for example, alanine). These amino acids are converted into urea through the urea cycle, whereas their carbon skeletons are transformed into other intermediates, mostly glucose.

Gluconeogenesis becomes vital during periods of metabolic stress, such as starvation (Acheson et al., 1984). It is interesting to note that Veldhorst et al. (2009) investigated gluconeogenesis and energy expenditure after a high-protein, carbohydrate-free diet and they demonstrated that forty-two percent of the increase in energy expenditure after this diet was related to an increase in gluconeogenesis. The cost of gluconeogenesis was 33% of the energy content of the produced glucose (Veldhorst et al., 2009).

Our hypothesis is that the Neanderthal very-high-protein diet could have stimulated the process of gluconeogenesis. A probable excess of protein intake could have furnished a high quantity of amino-acids. The bio synthesis of glucose from these compounds may have compensated for the carbohydrate requirement deficit in Neanderthal due to low plant consumption.




5 Conclusions

The estimation of the dietary macronutrient ratio performed in this paper has permitted to better understand of the specific treatments of ungulate carcasses by Neanderthals, evidenced through the zooarchaeological studies carried out in southern Italy.

The scarcity/lack of epiphyses and spongy bones of ungulates recorded in assemblages can be explained by the intensive exploitation of these parts, characterized by a high fat energy yield. Paleogenomic data from the analysis of FADS1 and FADS2 genes underlined the importance for Apulian Neanderthals of 18-carbon unsaturated fatty acid intake from animal resources, to address the low availability of these compounds from plant resources. A high consumption of animal protein for the human groups investigated in this study was also determined. This could have meant a surplus of these substances in respect to the daily protein energy needs, providing high quantities of amino acids, important non-carbohydrate precursors for the gluconeogenesis. The gluconeogenesis products could have compensated for the low carbohydrate intake from plant consumption.

Our results stimulate investigating the possible presence of enzymatically related gene signatures for high-performance gluconeogenesis in Neanderthals. Obtaining data on this biochemical process in the context of Neanderthal physiology could be important to highlight new differences between these human groups compared with modern humans.

Like all metabolic processes, gluconeogenesis is characterized by different phases and dynamics that may characterize the metabolic structure of the species and express its specific nutritional requirements and chronic diseases.

Probably the most important aspect of this process for the topics discussed in this paper, is the hepatic insulin signaling that regulates gluconeogenetic activity (Onyango, 2022). In modern populations, if insulin target cells of the liver become less responsive to insulin, the hepatic insulin resistance (HIR) occurs, which, promoting excessive gluconeogenesis, contributes to the development of (pre)diabetes (Basu et al., 2013).

Paradoxically, HIR also promotes de novo lipid synthesis (Smith et al., 2020), leading to excessive deposition of fat in the liver (hepatic steatosis) and secretion of very low-density lipoproteins (VLDL) into the blood (Meshkani and Khosrow, 2009; Cook et al., 2015). These metabolic dysregulations cause dyslipidemia, cardiovascular disease and atherosclerosis (Meshkani and Khosrow, 2009; Berndt et al., 2021), which can progress to cirrhosis and hepatocellular carcinoma (Lu et al., 2021).

Specific metabolic mechanisms in the absorption and production of fats may have preserved Neanderthals from these diseases are related to gluconeogenic overactivity.

Finally, it's important to note that the breakdown of the proteins and the turn them into amino acids, pivotal substrates for gluconeogenesis, can also be obtained by chemical reactions that occur in specific food processing. This is the case of the external fermentation. Besides amino acids, the fermentation of lipids also produces long chain fatty acids (LCFAs) and glycerol, other important substrates for gluconeogenesis.

The external fermentation is hypothesized as an activity conducted by the Mousterian hunter gatherers at Grotta di Santa Croce (Crezzini et al., 2023).
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