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Introduction

Meat substitutes, also called meat analogues or meat replacers, are designed to mimic the appearance and practical uses of meat products [1]. While some meat alternatives, such as tofu or tempeh formed part of the traditional diet in Asia [2,3], more recent products are emerging and seeing rapid market growth [4,5]. These products, such as plant-based sausages or patties, are not just intended for vegetarians but for all consumers who are willing to reduce their meat consumption [4,5].

Indeed, reducing meat consumption is advocated for both health and environmental reasons [6][7][8]. However, in industrialized countries, meat plays an important cultural and structural role in meals, which makes it relatively difficult to remove and replace [9][START_REF] Macdiarmid | Eating like there's no tomorrow: Public awareness of the environmental impact of food and reluctance to eat less meat as part of a sustainable diet[END_REF][11]. In this context, meat substitutes might be expected to be more acceptable than classic plant-based foods such as pulses because they can be used in the same way as meat and do not require changes to the meal structure [9].

From a nutritional standpoint, meat is an important contributor to micronutrient intake, and especially of iron, zinc and some B-vitamins [12][13][14][15]. Therefore, when rearranging diets in order to adopt more sustainable diets, attention should be paid to ensuring adequate nutrient intakes [13,[START_REF] Reynolds | Healthy and sustainable diets that meet greenhouse gas emission reduction targets and are affordable for different income groups in the UK[END_REF]17]. However, the formulation of meat substitutes generally tends to be more driven by attempts to imitate the organoleptic properties of meat (appearance, texture, flavor) than ensuring an appropriate nutrient composition beyond the protein content [5]. The main ingredients composing meat substitutes are generally soy, wheat, or pea proteins because of their technological functional properties (such as a fibrous-like texture and emulsification) [4,5,18] but many ingredients can be used, such as all kind of pulses, cereals, vegetables, herbs, and spices [4,18], leading to a multitude of possibilities of formulation. More specifically, pulses are currently little consumed despite their nutritional and environmental benefits [7,19] and meat substitute could help to increase their consumption.

The nutritional composition of meat substitutes has been previously studied and compared to that of meat [20,21], and mathematical optimization has been used to identify a meat substitute formulation with the closest nutritional composition to that of meat [START_REF] Van Mierlo | A model for composing meat replacers: Reducing the environmental impact of our food consumption pattern while retaining its nutritional value[END_REF]. However, assessing the nutritional quality of a meat substitute requires to go beyond its intrinsic nutrient composition and to fully characterize the impact of its integration into the diet at a given expected level of consumption [START_REF] Mertens | Potential Impact of Meat Replacers on Nutrient Quality and Greenhouse Gas Emissions of Diets in Four European Countries[END_REF][START_REF] Salomé | Substituting Meat or Dairy Products with Plant-Based Substitutes Has Small and Heterogeneous Effects on Diet Quality and Nutrient Security: A Simulation Study in French Adults (INCA3)[END_REF]. To our knowledge, no information is available regarding possible optimization of the nutritional composition of a meat substitute in order to maximize overall diet quality.

Our aim during this study was therefore to evaluate to what extent a meat substitute with optimum nutritional design could improve diet quality when fully replacing meat. We used mathematical optimization to determine the best ingredients for a meat substitute that would maximally improve the overall nutrient adequacy of the diet of French adults but without jeopardizing nutrient security for a subset of critical nutrients. The aim was to design a meat substitute mainly pulse-based and using minimally processed ingredients, given growing concerns with respect to ultra-processed foods [START_REF] Monteiro | Ultra-processed foods, diet quality, and health using the NOVA classification system[END_REF]. We then analyzed the impact of this optimized meat substitute, and the role of the selected ingredients, on the diet quality and compared it with a large market sample of meat substitutes currently available.

Data and methods

In this study, the composition of a meat substitute intended to completely replace meat was optimized in order to best improve the diet quality of French adults.

Input dietary data

The data used in this study came from the third Individual and National Study on Food Consumption Survey 3 (INCA3), performed in mainland France in 2014-2015. The INCA3 survey is a French nationwide and representative cross-sectional survey and its design has been fully

described elsewhere [START_REF] Dubuisson | The Third French Individual and National Food Consumption (INCA3) Survey 2014-2015: method, design and participation rate in the framework of a European harmonization process[END_REF]. Male participants aged 18-64y and premenopausal female participants aged 18-54y were included in the study. Elderly and postmenopausal females were excluded because of different nutrient requirements. Under-reporters for energy intake were excluded using Henry's equations [START_REF] Henry | Basal metabolic rate studies in humans: measurement and development of new equations[END_REF] and the cutoffs proposed by Black [START_REF] Black | Critical evaluation of energy intake using the Goldberg cut-off for energy intake:basal metabolic rate. A practical guide to its calculation, use and limitations[END_REF]. The final sample contained 1125 adults (564 males and 561 females) (Supplementary Figure S1).

Dietary data were collected by professional investigators assisted by a dietary software and using three non-consecutive 24h-dietary recalls spread over a 3-week period [START_REF] Dubuisson | The Third French Individual and National Food Consumption (INCA3) Survey 2014-2015: method, design and participation rate in the framework of a European harmonization process[END_REF]. Participants were not aware beforehand of the days of recall. Portion sizes were estimated using validated photographs [START_REF] Dubuisson | The Third French Individual and National Food Consumption (INCA3) Survey 2014-2015: method, design and participation rate in the framework of a European harmonization process[END_REF]. The nutrient content of foods and beverages came from the 2016 food composition database from the French Information Center on Food Quality (CIQUAL) [START_REF]ANSES-CIQUAL French food composition table version[END_REF]. Over all foods consumed, meat or processed meat usually eaten in the main dish were identified as 'meat food items', excluding composite dishes (e.g. lasagna) (Supplementary Table S1). Foods that were not identified as meat food items are referred to hereinafter as 'other food items'. The mean nutrient intakes from meat food items and other food items were then calculated for males and females separately, using the weighted schemes proposed in INCA3 to account for the complex survey design [START_REF] Dubuisson | The Third French Individual and National Food Consumption (INCA3) Survey 2014-2015: method, design and participation rate in the framework of a European harmonization process[END_REF]. This resulted in average male and female individuals with mean nutrients intakes for each sex.

Evaluation of diet quality

Diet quality was evaluated using the Probability of Adequate Nutrient Intake (PANDiet) scoring system [START_REF] Verger | Evaluation of a Diet Quality Index Based on the Probability of Adequate Nutrient Intake (PANDiet) Using National French and US Dietary Surveys[END_REF], which reflects the probability for an individual of having an adequate nutrient intake (Supplementary Table S2). The PANDiet is the mean of two sub-scores: the Adequacy Sub-score (AS), which measures the probability of adequacy of intake, and the Moderation Sub-score (MS), which measures the probability of not having an excessive intake of nutrients that need to be limited. The AS is the mean of probabilities for 27 nutrients whose intakes need to be above the nutrient reference value, multiplied by 100. The MS is the mean of probabilities of 6 nutrients whose intakes should be below an upper bound reference value, multiplied by 100. The overall PANDiet score ranges from 0 to 100, with a higher score indicating better nutritional quality of the diet.

The probability of adequacy for each nutrient is calculated using the mean intake, the reference value, the variability of the reference value and the intra-individual variability of intake, as previously described [START_REF] Verger | Evaluation of a Diet Quality Index Based on the Probability of Adequate Nutrient Intake (PANDiet) Using National French and US Dietary Surveys[END_REF]. However, during this study, probabilities of adequacy were calculated for average male and female individuals, so intra-individual variability was considered to be equal to zero. The reference values were extracted from the 2021 dietary guidelines released by ANSES [START_REF] Anses ; Hallberg | AVIS de l'Agence nationale de sécurité sanitaire de l'alimentation, de l'environnement et du travail relatif à « Actualisation des références nutritionnelles françaises en vitamines et minéraux » ; saisine n°2018-SA-0238[END_REF]. For iron and zinc, we considered the estimated requirement for the absorbed form and an equation predicting absorption from dietary intakes [32][START_REF] Armah | A Complete Diet-Based Algorithm for Predicting Nonheme Iron Absorption in Adults[END_REF][START_REF] Miller | A Mathematical Model of Zinc Absorption in Humans As a Function of Dietary Zinc and Phytate[END_REF]. Moreover, to take account of the high requirement of iron for some females, the probability of adequacy of iron was calculated using two different reference values: females with low to moderate menstrual losses and females with elevated menstrual losses (about 20% of females) [START_REF] Anses ; Hallberg | AVIS de l'Agence nationale de sécurité sanitaire de l'alimentation, de l'environnement et du travail relatif à « Actualisation des références nutritionnelles françaises en vitamines et minéraux » ; saisine n°2018-SA-0238[END_REF]. PANDiet was therefore calculated for the average male (PANDiet-M) and for the average female using the reference values for iron for female with normal (PANDiet-F) or high iron requirements (PANDiet-F+). An averaged PANDiet was calculated as the mean of the PANDiet-M, the PANDiet-F and the PANDiet-F+ weighted by their respective distributions in the study population (50.13% of males, 49.87% of females with a weighting of 80% for PANDiet-F and 20% for PANDiet-F+).

Evaluation of the nutrient security of diet

The nutrient security of the diet was estimated using the SecDiet score, which measures the risk of having an overt nutrient deficiency [START_REF] Salomé | Development and evaluation of a new dietary index assessing nutrient security by aggregating probabilistic estimates of the risk of nutrient deficiency in two French adult populations[END_REF]. The SecDiet is composed of 12 nutrients for which clinical signs of deficiency due to insufficient dietary intake have been documented: vitamin A, thiamin, riboflavin, niacin, folate, vitamin B12, vitamin C, iodine, selenium, iron, zinc, and calcium.

A deficiency threshold was defined for each nutrient and corresponded to the minimal intake below which clinical signs of deficiency may appear (Supplementary Table S3). The SecDiet is the mean of the squares of the 12 probabilities and ranges from 0 to 1 with a higher score reflecting a lower risk of nutrient deficiency. In the same way as the PANDiet, probabilities for each nutrient were calculated using the mean intake, the reference value (defined as the deficiency threshold) and the variability of the reference value.

Mathematical optimization of the meat substitute

The optimization problem was to find the ingredient composition of a meat substitute, intended to replace meat consumption in the average male and female individuals, so as to maximize the nonlinear PANDiet score under nutritional and technological constraints (see below) in order to ensure both nutrient security and formulation feasibility. The problem was solved using a non-linear optimization algorithm (NLP, with multistart to avoid local minima) under the OPTMODEL procedure (SAS 9.4, SAS Institute Inc., Cary, NC, USA.).

Optimized meat substitute

The aim was to model a meat substitute that was entirely plant-based (i.e. containing no animalbased ingredients) and composed of minimally processed ingredients. Thus only minimally processed, common culinary ingredients of plant origin were included (e.g. tofu or textured soy protein were not included as they are processed, but cooked pulses were included). A total of 159 ingredients for which a complete nutritional composition could be extracted from the CIQUAL 2020 food composition database [START_REF]ANSES-CIQUAL French food composition table version[END_REF] were categorized into groups and sub-groups (pulses, vegetables, cereals, oil-rich foods, etc.) (Supplementary Table S4).

The nutrient contents of the ingredients were given for their cooked form when available (e.g. for pulses or vegetables) or raw form for other ingredients (e.g. oils, flours, etc.). Although the nutrient content of a cooked ingredient already takes account of possible losses during cooking, we applied a retention factor (i.e. the percentage of nutrient content retained after cooking) to the nutrient composition of the optimized meat substitute by considering cooking using dry heat to reproduce an industrial process [START_REF] Vásquez-Caicedo | Report on collection of rules on use of recipe calculation procedures including the use of yield and retention factors for imputing nutrient values for composite foods[END_REF]. Nutrients for which significant losses were expected during cooking were riboflavin (retention factor=98%), niacin (98%), vitamin B6 (95%), vitamin A (93%), pantothenic acid (88%), thiamin (78%), vitamin C (78%), and folate (68%).

The meat substitute was designed to replace by the same quantity the mean quantity of all meat food items consumed by each sex (125.3g for average male and 79.7g for average female), while the intake of other food items was kept constant. We chose to replace by the same quantity rather than by the same energy because meat substitutes generally have the same portion size than meat products. The optimization results (i.e., decision variables) were the proportions of each ingredient (from the 159 possible) used to compose the optimized meat substitute (under the obvious constraint that the sum of the proportions equaled 100%).

Objective function

The objective was to maximize overall adequacy in nutrient intake using the averaged PANDiet score, as described above, as the objective function.

Nutritional constraints

Nutritional constraints were applied to the 12 critical nutrients included in the SecDiet, in order to limit any increased risk of deficiency in the diet after meat substitution for the average male and average female. For these nutrients, the probability of sufficient intake in the modeled diet (with meat replaced with the optimized meat substitute) had to be ≥99% of the corresponding probability in the observed diet. Constraints were also applied to nine nutrients (retinol, niacin, vitamin B6, vitamin D, calcium, copper, iodine, selenium, zinc) to maintain their intakes in the modeled diet below their tolerable upper intake levels, as defined by ANSES [START_REF] Anses ; Hallberg | AVIS de l'Agence nationale de sécurité sanitaire de l'alimentation, de l'environnement et du travail relatif à « Actualisation des références nutritionnelles françaises en vitamines et minéraux » ; saisine n°2018-SA-0238[END_REF] (Supplementary Table S2).

In order to minimize effects on the energy intake of subjects, the energy content of the optimized meat substitute was also limited to ±20% of the energy intake supplied by meat food items to each sex. This resulted in a change in the total energy intake of the average diet limited to ±1.9% for the average male and ±1.5% for the average female.

Technological constraints

Several technological constraints were applied:

-Water content constraint: the range of the water arising from ingredients in the optimized meat substitute had to be between 50 and 65g water per 100g, and was defined to ensure a water content similar to that of other meat substitutes available [START_REF]ANSES-CIQUAL French food composition table version[END_REF].

-Ingredient groups constraints: several constraints were applied to specify the acceptable proportions of ingredients from the same group or sub-group in order to obtain the composition of a meat substitute that could be easily formulated (Supplementary Table S5). These constraints were based on the ingredient lists of meat substitutes available in supermarkets and on the nutritional properties (sources of lipids, protein, fiber, etc.) and technological properties (binding, texturizing ingredients, etc.) of the different ingredient groups and sub-groups (Supplementary Table S4). The aim was to model a meat substitute that could be a pulse-based patty (40% to 60% of pulses among all ingredients).

-Ingredient number constraints: the number of ingredients from each sub-group was restricted to two in order to limit the total number of ingredients while allowing some flexibility.

Sensitivity analysis and validation

After running the optimization procedure and obtaining the composition of the meat substitute, we tested the degree to which the selected recipe had a nutritional advantage over its possible alternatives. This was done by discarding each of the selected ingredients one by one, by adding a new constraint so that the proportion of the ingredient would be equal to zero, in order to assess the impact of any alternative on PANDiet. We also evaluated the influence of the technological constraints on the composition and nutritional efficiency of the optimized meat substitute.

Moreover, to identify the active constraints that influenced the solution, we estimated the dual values associated with each of the nutritional and technological constraints. Dual values were estimated using the optimization algorithm in order to represent the potential gain in objective function (PANDiet) for the relaxation by one unit of the limiting bound of the constraint being considered.

Finally, as an a posteriori partial validation of the technological constraints, the recipe of the optimized meat substitute was tested at a kitchen scale to check if a realistic plant-based patty could be obtained from the optimized ingredient composition.

Effects of the optimized meat substitute on diet quality

Comparison with existing meat substitutes

Several modeled diets were designed to study the impacts of meat substitutes on diet quality evaluated with the averaged PANDiet. For the average male and female, meat food items were replaced by the same quantity of either the optimized meat substitute or each of 43 existing meat substitutes available in the CIQUAL 2016 and 2020 databases and the NutriNet-Santé food composition table [START_REF]ANSES-CIQUAL French food composition table version[END_REF][START_REF]ANSES-CIQUAL French food composition table version[END_REF][START_REF] Seves | Table de composition des aliments de l'étude NutriNet-Santé (NutriNet-Santé Study Food Composition Database)[END_REF] (Supplementary Table S6). We therefore modeled 44 diets: one with the optimized meat substitute and 43 with existing meat substitutes. In addition, a modeled diet was designed by simply deleting all meat food items. This modeled diet is highly unrealistic but was not intended as a scenario. Rather, it was used to analyze the contribution of meat food items to diet quality and disentangle the changes in nutrient adequacies that result from the suppression of meat and those that result from the addition of meat substitutes.

These modeled diets were adjusted for energy, by reporting the difference of energy between meat food items and the meat substitute into changes in the amounts of other food items. For the no-meat scenario, the quantities of other food items were increased to maintain the same energy intake. The results are presented with and without energy adjustments.

Inter-individual variability

The composition of the optimized meat substitute was obtained with an optimization procedure performed at the population level, using average individuals. In order to obtain a more accurate estimate of the effects of the optimized meat substitute on the diet quality of the population, we simulated the substitution of meat food items with the optimized meat substitute in the diet of each participant (n=564 males, 561 females). The meat food items consumed were identified for each participant and replaced with the same quantity of the optimized meat substitute. The difference of energy was adjusted using the rest of the diet. The SecDiet and PANDiet scores and sub-scores were calculated, taking account of intra-individual variability between the days of recall.

Differences between the observed and modeled diets were evaluated using Student's t-test.

Results

Optimized meat substitute: composition and impacts on diet quality

The optimized meat substitute was composed of 13 ingredients (Table 1). It contained 8.5g/100g protein (supplied mostly by navy bean, wheat germ, and flaxseed), was low in saturated fatty acids (0.9g/100g) and rich in fiber (13g/100g). Ingredients contributed differently to the nutrient composition of the meat substitute. Thyme, navy bean and wheat bran were the main contributors to iron content, and dried shiitake mushroom to B-vitamins, whereas flaxseed contributed to 68% of the alpha-linolenic acid (ALA) content and yellow sweet pepper to 91% of the vitamin C content (Supplementary Table S7).

Compared to the observed diet at the average population level, replacing meat with the optimized meat substitute resulted in a 5.7-point increase in the averaged PANDiet score, with energy adjustment (or +5.5 points otherwise) (Table 2). This resulted from an increase in AS by +6.1 points and in MS by +5.3 points. In greater detail, the probabilities of adequacy mainly increased for ALA, fiber, linoleic acid (LA), vitamin C, and folate with respect to AS, and sodium and SFA with respect to MS. By contrast, some probabilities of adequacy decreased, notably for vitamin B12, bioavailable zinc, bioavailable iron, and vitamin B6 with respect to AS. However, these decreases were less marked when compared to a situation where meat was withdrawn and not replaced by the meat substitute ("Modeled diet without meat"), except for zinc (-0.30) and vitamin B12 (-0.33). On the contrary, for potassium, the decrease due to removing meat was totally compensated by the meat substitute. Concerning nutrient security, the SecDiet score remained stable, although the probability for iron slightly decreased (-0.01) but less than without meat.

Lastly, the PANDiet gain was more important in average male (+6.2) than in average female (+5.2), because the MS increase was more pronounced for the average male (+6.3) than for the average female (+4.3) while the increase in AS was similar (+6.1) (Supplementary Table S8). At an individual level, in order to consider inter-individual variations, the PANDiet gain was less marked when replacing meat with the optimized meat substitute and increased from 67.6 ± 5.8 to 71.2 ± 6.3 for females and from 67.7 ± 6.2 to 72.1 ± 7.3 for males (Supplementary Table S9).

At the average population level, the impact of the optimized meat substitute on diet quality was compared to the impacts of existing meat substitutes (Fig. 1). In modeled diets adjusted for energy intake, where meat was replaced by existing meat substitutes, the PANDiet score ranged from 70.6 to 75.1 (i.e. -3.1 to +1.5 compared to the initial PANDiet), depending on the meat substitute, with a mean at 73.0. Only about a quarter of the meat substitutes (upper whisker of the boxplot) increased the PANDiet score above its value in the observed diet (73.7). These increases were much lower than that resulting from using the optimized meat substitute (79.4). AS from modeled diets with existing meat substitutes were more spread out (72.4 to 80.7, with a mean at 77.2) but always lower than the AS reached with the optimized meat substitute (84.6). Differences between the optimized and existing meat substitutes were less marked for MS. The results were similar when the modeled diets were not adjusted for energy intake (Supplementary Figure S2). Whiskers of the boxplot represent min and max of scores obtained in modeled diets with currently available meat substitutes. Horizontal lines represent scores in the initial diet (full line) or in a modeled diet without meat where meat food items were removed and adjusted for energy intake in the rest of the diet (dashed line)

Sensitivity analysis and validation: influence of model constraints and overall stability of the selected recipe.

Among the active constraints that influenced the solution some were more binding than others, as shown by their dual values indicating a potential gain in the averaged PANDiet score for a release by one unit in their binding bound. Among the nutritional constraints, only the constraint limiting the decrease in the probability of adequacy for iron (as regards the SecDiet) in female individual was active. However, the effect of this constraint was limited; if the constraint was deleted, this probability dropped from 99% of its initial value to 98.7%, with a negligible PANDiet gain (+0.02) (data not shown). Several technological constraints were active (Table 3), the three most active being the upper bounds of herbs, spices and salt, oil-rich foods and nuts and seeds, with PANDiet increases between +0.10 and +0.24 per 1% increase in their upper binding bounds.

When the recipe was tested at a kitchen scale, it proved to be feasible, although a little dry and crumbly, with an overpowering thyme flavor.

Consistent with this, we determined whether releasing some or all of the technological constraints might have led to a markedly different composition of the optimized meat substitute (Supplementary Table S10). If the six constraints on pulses and cereals were released, the optimized meat substitute would contain broad bean instead of navy bean and at a lower proportion (28%), together with much more wheat germ (23%). However, cereals or pulses were not selected when releasing all the constraints on the ingredient groups, but only vegetables, oilrich foods, and herbs. If all technological constraints were released, the optimized meat substitutes would be difficult to formulate since it would contain mostly dried ingredients and oil (39% dried shiitake mushroom, 24% dried Chinese black mushroom, 14% rapeseed oil, 13% thyme, etc.).

Finally, while retaining all the initial technological constraints, we removed one by one each ingredient composing the optimized meat substitute presented in Table 1, as well as other ingredients in the database that were very similar (e.g., by concomitantly removing all sweet peppers when removing yellow sweet pepper) (Table 4). The proportions of ingredients generally varied but the main structure of the optimized meat substitute was mostly unchanged, since the ingredient removed was usually replaced by another ingredient from the same sub-group (e.g. navy bean was replaced with a mix of chick pea and blond lentil, or flaxseed was replaced with chia seed). For most ingredients, the replacement led to a PANDiet decrease compared to its value with the initial optimized meat substitute. This was mostly the case for rapeseed oil (-0.28), yellow sweet pepper (-0.23), all sweet peppers (-0.28), dried mushrooms (-0.20), wheat bran (-0.17), and thyme (-0.07). It was also apparent in the dual values calculated for eviction constraints, which were higher for these ingredients. For some ingredients, the impact on the PANDiet was low because there was a compensation between the loss of AS and the gain in MS. Replacement of chick pea, flaxseed, and potato starch had the least impacts on PANDiet, AS and MS.

Discussion

In this study, we identified what would be the "best" composition for a plant-based meat substitute to improve the quality of the diet of French adults when completely substituting meat. The approach we used was original and innovative because it went beyond a simple comparison of the nutrient contents of the meat being replaced and considered the nutritional impact of the new food item on overall diet quality. Indeed, when considering the substitution of meat by another food, nutritional advantages depend on addressing all nutrient inadequacies, whether or not they are related to the removal of meat. We thus identified an optimal composition for a meat substitute that could be seen as a good lever to replace meat in the diet.

The optimized meat substitute supplied some nutrients that are currently insufficiently consumed in the population, such as LA, ALA, fiber, folate, and vitamin C, and it also enabled less excessive intakes of SFA and sodium, as had also been shown in several studies that simulated the substitution of meat with plant-based substitutes [START_REF] Salomé | Substituting Meat or Dairy Products with Plant-Based Substitutes Has Small and Heterogeneous Effects on Diet Quality and Nutrient Security: A Simulation Study in French Adults (INCA3)[END_REF]39,[START_REF] Temme | Replacement of meat and dairy by plant-derived foods: estimated effects on land use, iron and SFA intakes in young Dutch adult females[END_REF]. Indeed, a higher content of fiber, several minerals, and polyunsaturated fatty acids has been found in plant-based substitutes than in meat [20,21], but the optimized meat substitute proved to be much more efficient than existing meat substitutes. The benefits of meat substitutes might therefore be much greater if appropriate consideration were given to a large number of nutrients consumed insufficiently or in excess, and if the sourcing of a large number of ingredients were more finely tuned. These beneficial effects were also greater than those elicited by simply removing meat without providing a specific replacement.

The optimized meat substitute also compensated totally or partially the loss of nutrients previously supplied by meat, and particularly potassium, vitamin B6, bioavailable iron, and, to a lesser extent, bioavailable zinc. Except for potassium, the probabilities of adequacy for these nutrients still decreased with the optimized meat substitute, but less than if meat had simply been replaced by increases in the rest of the diet. The decrease was however still important for bioavailable zinc.

The only exception was vitamin B12 where the optimized meat substitute had no effect on the probability of adequacy, which was expected since all plant ingredients in the substitute are considered as non-reliable sources of vitamin B12 (and we considered no vitamin B12 in our composition table). Zinc, iron, and vitamin B12 are generally nutrients of concern when reducing meat consumption since meat, and animal-based foods in general, are important contributors of these nutrients [START_REF] Phillips | Commonly consumed protein foods contribute to nutrient intake, diet quality, and nutrient adequacy[END_REF]. We were however able to show that through the choice of appropriate ingredients, the iron content in the optimized meat substitute was sufficient to maintain adequacy, even with our fine assessment of iron bioavailability. The optimized meat substitute also supplied zinc, although the bioavailable amount was not sufficient to maintain the same probability of adequacy as in the observed diet.

As shown by Van Mierlo et al., zinc and iron fortification was necessary when seeking to match the nutritional composition of beef, alongside vitamin B12 fortification to match that of beef and chicken [START_REF] Van Mierlo | A model for composing meat replacers: Reducing the environmental impact of our food consumption pattern while retaining its nutritional value[END_REF]. In a study modeling diets using meat substitutes that were fortified or not with iron and vitamin B12, fortification was shown to allow a more efficient use in the context of meat reduction [START_REF] Mertens | Potential Impact of Meat Replacers on Nutrient Quality and Greenhouse Gas Emissions of Diets in Four European Countries[END_REF]. Therefore, fortifying meat substitutes could help to maintain adequate intakes of vitamin B12, zinc, and iron. Some plant-based substitutes are indeed already fortified; for example, it has been reported in Australia that 24% of products are fortified with vitamin B12, 20% with iron and 18% with zinc [20]. These nutrients could also be supplied by other foods of the diet, and diet optimization could help to target the consumption of appropriate food groups [START_REF] Mertens | Potential Impact of Meat Replacers on Nutrient Quality and Greenhouse Gas Emissions of Diets in Four European Countries[END_REF].

The optimized meat substitute might appear low in protein compared to meat or other meat substitutes on the market, but this was expected because we mainly used raw materials rather than the protein isolates that are usually used to produce a high protein content in meat substitutes [2,18]. Moreover, the composition of the meat substitute resulted from the compromise made by an optimization procedure based on the current set of nutrient adequacies, and protein adequacy proved to be a secondary issue compared to other nutrients. We did not consider the amino acid composition of the optimized meat substitute, but there should be no issue in this respect since the protein sources comprised a mix of cereals, nuts and pulses that are known to have a complementary composition in amino acids [START_REF] Mariotti | Plant Protein, Animal Protein, and Protein Quality[END_REF]. Moreover, it has been shown that when protein intake is adequate in a varied diet, so is the intake of individual amino acids [START_REF] De Gavelle | Protein Adequacy Is Primarily a Matter of Protein Quantity, Not Quality: Modeling an Increase in Plant:Animal Protein Ratio in French Adults[END_REF].

Along with the potential impacts on diet quality of meat substitutes, this study offers interesting perspectives in terms of their formulation and composition. We showed that some ingredients proved to offer interesting levers to improve the nutrient composition of meat substitutes, such as flax or chia seeds which are rich in ALA, black mushrooms which conveys B-vitamins and wheat germ and bran which are important sources of zinc and iron. By removing each ingredient successively from the optimized meat substitute, we found that the initial recipe was very robust inasmuch as it was not compromised by the removal of one ingredient. The gain in the PANDiet score offered by the optimized meat substitute was therefore the result of the complex assembly of its different ingredients supplying different nutrients at optimal proportions, as identified by our optimization approach.

One of our objectives was to model a meat substitute containing ingredients obtained by minimal processing steps. Indeed, most meat substitutes are ultra-processed (according to the NOVA classification [START_REF] Monteiro | NOVA. The star shines bright[END_REF]) and use ingredients that are refined, extracted and purified (e.g. protein isolates), additives, or involve processing techniques that enhance a meat-like fibrous texture, in order to mimic the texture, taste, and flavor of meat [4,5]. However, given the importance placed on naturalness by consumers [START_REF] Román | The importance of food naturalness for consumers: Results of a systematic review[END_REF] and concerns regarding the health effects of an excessive consumption of ultra-processed foods [START_REF] Monteiro | Ultra-processed foods, diet quality, and health using the NOVA classification system[END_REF], we chose to limit the set of possible ingredients to those minimally processed. Our results have also implications in everyday practice as they show that simple ingredients can be used to formulate a meat substitute that would be very nutritionally efficient, and can be translated at home with simple recipes for plant-based patties.

The final recipe for the optimized meat substitute still contains quite a lot of ingredients but we have shown that they do not have the same nutritional importance, so some could be replaced or removed. Some ingredient groups were imposed for technological reasons rather than for their nutritional properties and experimental formulations could interestingly determine the extent to which these ingredients are indeed necessary at these proportions. Modifying some of the technological constraints would have increased the PANDiet gain, as shown by their dual values.

Early tests showed us that with a ±5% change in the upper or lower bounds of some constraints, the same ingredients were almost always chosen, although in slightly different proportions (data not shown). Therefore, the composition and proportions of ingredients described here might vary as a function of technological issues. One challenge of our study was to define the technological constraints that could make the theoretical optimized meat substitute recipe being realistic, i.e.

that it could be used to produce a meat substitute that would look like a plant-based patty. The constraints as defined proved to be appropriate inasmuch as the meat substitute was made possible at a kitchen scale, but adjustments would still be necessary to achieve a final product.

Our study had certain limitations. First, optimization was performed on an average individual, which led to a somewhat crude evaluation of diet quality, since the variability of intake was not taken into account. We believe that the impact of substitution is better evaluated at an individual level rather than a population level because this takes more account of the heterogeneity of diets [START_REF] De Gavelle | The Initial Dietary Pattern Should Be Considered when Changing Protein Food Portion Sizes to Increase Nutrient Adequacy in French Adults[END_REF], but our objective was to model a unique substitute that would best improve general diet quality and not to find a personalized meat substitute for each individual. But we have shown that replacing meat with the optimized meat substitute at the individual level led to similar conclusions, although differences with observed diets were less marked. Further, the database of ingredients was limited to those for which we had a complete nutritional composition, so despite our considerable database (159 ingredients) we did not have an exhaustive list of potential ingredients. While we tried to best describe the technological constraints associated with the formulation of a plant-based patty, we might not have been sufficiently accurate and some constraints were not considered, such as taste or consumer preferences. Furthermore, this study focused on nutrition while including technological constraints, but further studies could interestingly try to consider other criteria such as environmental impacts or cost.

In conclusion, we have shown that it is possible to identify the composition of a meat substitute that would offer the best nutritional lever to replace meat in our population. As revealed by optimization on a large set of nutrient adequacies, the optimized meat substitute could improve diet quality by both increasing nutrient adequacy for nutrients not provided by meat and by compensating for most of the nutrients conveyed by meat. Meat substitutes with an appropriate composition could therefore be adapted nutritionally to replace meat. 0.642 + 0.038 x bw 10% a See supplemental method 1 in de Gavelle et al. [4] for the calculation of bioavailable iron and requirements for females. Iron requirements for females were adapted to consider females with normal and high requirements [3]. b See supplemental method 1 in de Gavelle et al. [4] c See Supplemental file in Salomé et al. [2] for the calculation of bioavailable zinc. d Penalty are usually applied when intakes of some nutrients are higher than tolerable upper intake limits in the calculation of the PANDiet [1]. Here, when calculating the PANDiet at the average individual level, penalties were not taken into account but tolerable upper intake limits where defined as upper bound constraints in the optimization procedure. ALA, alpha-linolenic acid; bw, body weight; CV, coefficient of variation; DHA, docosahexaenoic acid; EIEA, energy intake excluding alcohol; EPA, eicosapentaenoic acid; LA, linoleic acid; NE, niacin equivalent; SFA, saturated fatty acids.

Supplementary Table S7

Nutritional composition per 100g of the optimized meat substitute and contribution of each ingredient to its nutrient content. 1.9 2.3 a Values are percentages calculated from the quantity of nutrient provided by the ingredient in the optimized meat substitute divided by the total nutrient content in the optimized meat substitute. Bold values represent the 3 main ingredients contributing to the content of each nutrient (e.g. navy bean, rapeseed oil and flaxseed are the three main contributors of energy in the optimized meat substitute). Vitamin B12 content is not presented as the optimized meat substitute is entirely plant-based and did not contain any vitamin B12. ALA, alpha-linolenic acid; LA, linoleic acid. S7 (continued) Nutritional composition per 100g of the optimized meat substitute and contribution of each ingredient to its nutrient content. 
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Fig. 1 a

 1 Fig. 1 a. PANDiet, b. AS and c. MS scores in modeled average diets where meat food items were

  

  

Table 1 .

 1 Ingredient composition of the optimized meat substitute

				Proportion (%)
	Ingredient groups and sub-groups Ingredient	in the optimized
				meat substitute
		Pulses	Navy bean, boiled/cooked in water Chick pea, boiled/cooked in water	41.6 5.8
		Vegetables, cooked Pepper, sweet, yellow, pan-fried, without fat	15.0
	Fragmented cereals	Wheat bran Wheat germ <10g/100g of protein Couscous (precooked durum wheat semolina), cooked, unsalted >10g/100g of protein	5.6 4.4 5.0
		Nuts and seeds Flaxseed	5.0
	Vegetables and fruits, dried Shiitake mushroom, dried	5.0
		Vegetable oils	Rapeseed oil Sunflower oil	3.6 1.4
		Starch Potato starch	3.9
	Tubers and garden peas Sweet potato, cooked	2.7
		Herbs, spices and salt Thyme, dried	1.0

Table 2 .

 2 PANDiet, AS, MS, SecDiet and probabilities of adequacies in the observed average diet, in modeled diets without meat and in modeled diets where meat was substituted by the optimized meat substitute

			Modeled diet	Modeled diet
		Observed	without meat	with the optimized meat substitute
		initial diet	With energy	Without energy	With energy	Without energy
			adjustment a	adjustment	adjustment a	adjustment
				Difference from observed initial diet	
	PANDiet score (0-100)	73.68	-2.53 b	-2.50	+5.68	+5.48

Table 3 .

 3 Dual values associated with active technological constraints a Dual values represent the potential PANDiet gain for a relaxation by one unit of the binding bound of the constraint, i.e., for an absolute increase (decrease) of 1% in the upper (lower) binding bound of the constraint. Active constraints have a positive (negative) value if the upper (lower) bound is binding. Dual values of constraints not presented in this table are equal to zero.

	Constraint	Bounds of the constraint	Binding bound	Dual value
	Herbs, spices and salt (group)	0-1%	Upper bound	2.4E-01
	Oil-rich foods (group)	5-10%	Upper bound	1.6E-01
	Nuts and seeds (sub-group)	0.5-5%	Upper bound	1.0E-01
	Fragmented cereals, >10g/100g of protein (sub-group)	0-10%	Upper bound	4.6E-02
	Vegetables and fruits, dried (sub-group)	0.5-5%	Upper bound	2.7E-02
	Whole & fragmented cereals, <10g/100g of protein (sub-group)	5-15%	Lower bound	-2.1E-02
	Cereals (group)	5-15%	Upper bound	1.5E-02
	Vegetables and fruits (group)	5-20%	Upper bound	1.3E-02
	Water content	50-65%	Lower bound	-4.7E-03

a 

Table 4 .

 4 Alternative compositions of the meat substitute when one ingredient of the optimized composition is removed and impacts on the PANDiet, AS and MS scores and on the dual values of the constraints The crossed box indicates that the constraint of the proportion equal to zero was applied to this ingredient. b Names of ingredients have been shortened for more clarity. The full names of ingredients can be found in Supplementary TableS2. c Pepper, sweet, yellow, pan-fried, without fat; Sweet pepper, green, cooked; Sweet pepper, red, cooked.Supplementary TableS2Reference values of the PANDiet scoring system version 3.2[1, 2].

	Alternative composition when discarding an ingredient constituting the initial composition, by discarded ingredient a, b

a 

score Average of Adequacy and Moderation sub-scores Adequacy sub-score Moderation sub-score

  

	Nutrient	Reference value (/day)[3]	Variability	Nutrient	Reference value (/day)[3]	Variability
	Protein	0.66 or 0.8 g/kg bw	12.5%	Protein	2.2 g/kg bw	12.5%
	LA	3.08% EIEA	15%	Total fat	44% EIEA	5%
	ALA	0.769% EIEA	15%	SFA	12% EIEA	15%
	DHA	0.192 g	15%	Carbohydrates	60.5% EIEA	5%
	EPA + DHA	0.385 g	15%	Sugars	100 g	15%
	Fiber	23 g	15%	Sodium	3200 mg	15%
	Vitamin A	580 or 490 µg	15%			
	Thiamin	0.3 mg/1000 kcal	20%	Tolerable Upper Intake Limits d	
	Riboflavin	1.3 mg	10%	Vitamin A	3000 µg	
	Niacin	5.44 mg NE/1000kcal	10%	Niacin	900 mg	
	Pantothenic acid	3.33 or 2.78 mg	40%	Vitamin B-6	25 mg	
	Vitamin B-6	1.5 or 1.3 mg	10%	Vitamin D	100 µg	
	Folate	250 µg	15%	Calcium	2500 mg	
	Vitamin B-12	3.33 µg	10%	Copper	5 mg	
	Vitamin C	90 mg	10%	Iodine	600 µg	
	Vitamin D	10 µg	25%	Selenium	300 µg	
	Vitamin E	5.26 or 4.74 mg	45%	Zinc	25 mg	
	Calcium	860 (<= 24 y.o) or 750 mg (>24 y.o.)	15% or 13%			
	Copper	0.86 or 0.68 mg	60%			
	Iodine	107 µg	20%			
	Bioavailable iron a	0.95 mg	40%			
	Magnesium	224 or 176 mg	35%			
	Manganese	1.89 or 1.56 mg	40%			
	Phosphorus b	Calcium (mmol) / 1.65	7.5% + CV Calcium (mg)			
	Potassium	2692 mg	15%			
	Selenium	54 µg	15%			
	Bioavailable zinc c					

Contribution of each ingredient to nutrient content (%)

  

		Manga-nese (g)	Phos-phorus (g)	Potas-sium (g)	Sele-nium (g)	Sodium (mg)	Zinc (mg)	Vitamin A (µg)	Thiamin (mg)	Ribo-flavin (mg)	Niacin (mg)	Panto-thenic acid (mg)	Vitamin B6 (mg)	Folate (µg)	Vitamin C (mg)	Vitamin D (µg)	Vitamin E (mg)
	Nutrient content (per 100g)	2.1	241	490	9.7	9.3	2.4	37.1	0.3	0.1	2.7	1.5	0.3	75.1	20.8	0.3	2.9
	Navy bean, boiled/cooked in water	11.7	31.1	40.8	42.7	40.1	20.7	1.5	26.9	6.4	13.3	3.9	9.2	39.5	3.2	19.9	1.4
	Pepper, sweet, yellow, pan-fried, without fat	0.6	1.4	6.7	15.4	4.0	0.9	28.2	1.7	5.4	3.1	1.6	12.3	11.4	91.0	0.0	11.1
	Chick pea, boiled/cooked in water	2.4	3.4	2.0	5.9	6.7	2.6	0.2	1.3	1.2	0.4	0.5	1.8	6.5	0.1	2.8	2.4
	Wheat bran	35.8	24.1	14.5	3.9	8.0	17.5	0.1	15.2	20.4	45.1	8.6	25.7	8.2	0.0	0.0	3.0
	Flaxseed	5.9	12.4	6.5	14.4	11.0	12.6	0.0	23.2	7.7	5.7	3.3	10.7	6.2	0.1	0.0	0.5
	Couscous (precooked durum wheat semolina), cooked, unsalted	0.7	1.5	1.1	5.1	1.3	1.2	0.2	1.2	0.2	0.4	1.1	7.3	0.8	0.1	0.0	0.1
	Shiitake mushroom, dried	2.8	6.1	15.6	2.8	7.0	15.9	0.0	5.7	49.0	26.2	73.2	16.5	10.8	0.8	74.5	0.0
	Wheat germ	35.6	18.2	8.8	4.5	3.4	25.4	0.2	21.9	4.7	2.7	3.9	12.4	8.3	0.1	2.2	15.5
	Potato starch	0.2	0.6	0.3	0.2	1.6	0.3	0.0	0.1	0.2	0.2	2.5	0.1	4.2	0.0	0.0	0.0
	Rapeseed oil	0.0	0.0	0.0	1.8	0.2	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	34.7
	Sweet potato, cooked	0.5	0.5	2.0	1.4	9.3	0.3	64.6	0.9	1.6	1.0	1.3	2.1	0.2	2.1	0.0	0.8
	Sunflower oil	0.0	0.0	0.0	1.4	1.5	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.7	27.8
	Thyme, dried	3.8	0.8	1.7	0.5	5.9	2.6	5.1	1.9	3.1	1.8	0.0	1.9	3.6	2.4	0.0	2.6
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Nutrients were included in the SecDiet score if clinical signs of deficiency might appear because of insufficient intakes. The threshold value (DT) was defined as the minimal intake below which there is a risk of onset of a deficiency. The reference value was used to calculate the probability of adequacy of the average deficiency threshold (aDT), which corresponds to the intake at which 50% of the population is at risk of nutritional deficiency. The complete construction of the score has been fully described elsewhere [5]. [11] Zinc deficiency 1.6 mg or 1.3 mg 15% 1.23mg or 1.0 mg Calcium [12][13][14] Fracture risk (longterm) 500 mg 15% 385 mg DT, deficiency threshold; CV, coefficient of variation of the individual threshold; aDT, average deficiency threshold; RE, retinol equivalent; NE, niacin equivalent. a These thresholds were calibrated in order to match the prevalence of inadequacy with the actual prevalence of goiter (10%) [15] and iron-deficiency anemia in the population (0.2% in males, 3.9% in females) [START_REF] Reynolds | Healthy and sustainable diets that meet greenhouse gas emission reduction targets and are affordable for different income groups in the UK[END_REF]. The prevalence of inadequacy of the study population was estimated using the Nusser method [17], to extract intra-individual variations and using a probabilistic approach [18].

Nutrient

Supplementary Table S4 Classification of ingredients available for composition of the meat substitute. Ingredients were categorized in groups and sub-groups according to their nutritional or technological properties. 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 Iodine 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 Selenium 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 Zinc 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 Calcium 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 Iron 0.99 -0.09 -0.07 -0.01 -0.01 1.00 0.00 0.00 0.00 0.00 a E.A. means "energy adjustment". For modeled diets with energy adjustment, the difference of energy between the observed initial diet and the modeled diet without energy adjustment was reported on other food items in order to maintain the same energy intake between the observed initial diet and the modeled diet with energy adjustment. b Values are differences between the modeled diet and the observed initial diet. Values in bold are those most affected by removing and/or replacing the meat. c Values when considering iron requirements for female with high iron requirements (Female F+). The modification of the reference value impacts the probability of adequacy of iron, the AS and the PANDiet scores. S9 PANDiet, AS, MS, SecDiet scores and probabilities of adequacies in initial diets and modeled diets with the optimized meat substitute in individual substitutions in the INCA3 population (n=1125). Δ is the difference between the mean of "Modeled diet" and the mean of "Initial diet". b Average Δ is the mean of Δ(F) and Δ(M) (Δ(F+) for PANDiet, AS and probability of adequacy of iron) and weighted by their respective distributions in the study population. c Values are means ± SD weighted for the survey design. *Significantly different from the mean of "Initial diet" assessed by t-test. P<0.05. Values in bold are those significantly affected by replacing meat. d Values when considering iron requirements for females with high iron requirements (Female F+). The modification of the reference value impacts the probability of adequacy of iron, the AS and the PANDiet scores.

Pulses

Supplementary Table

Supplementary Figure S2 a. PANDiet, b. AS and c. MS scores in modeled average diets where meat food items were replaced with the optimized meat substitute or with existing meat substitutes (n=43). Modeled diets were not adjusted for energy intake. Whiskers of the boxplot represent min and max of scores obtained in the modeled diet with available meat substitutes. Horizontal lines represent scores in the initial diet (full line) or in a modeled diet where meat food items were removed (dashed line). S10 a Constraints on cereals (n=5) and on pulses (n=1) were deleted. All other constraints were kept similar. b All technological constraints were deleted except the water content and the limits on energy content for average male and female. c All technological constraints were deleted.
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