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SUMMARY

With more than two billion people suffering from malnutrition and diets homogenising
globally, it is vital to identify and conserve nutrient-rich species that may contribute to
improving food security and diversifying diets. Of the approximately 390,000 vascular

plant species known to science, thousands have been reported to be edible, yet their
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Global plant diversity as a reservoir of micronutrients for humanity

nutritional content remains poorly characterised. Here we use phylogenetic information
to identify plants with the greatest potential to support strategies alleviating B-vitamin
deficiencies. We predict the B-vitamin profiles of >6,400 edible plants lacking
nutritional data and identify 1,044 species as promising key sources of B vitamins.
Several of these source species should become conservation priorities, as 63 (6%are
threatened in the wild and 272 (26%) are absent from seedbanks. Moreover, many of
these conservation-priority source species overlap with hotspots of malnutrition,
highlighting the need for safeguarding strategies to ensure that edible plant diversity
remains a reservoir of nutrition for future generations, particularly in countries needing
it most. Although by no means a silver bullet to tackling malnutrition, conserving a
diverse portfolio of edible plants, unravelling their nutritional potentials, and
promoting their sustainable use are essential strategies to enhance global nutritional

resilience.

MAIN

Around two billion people are currently afflicted by micronutrient (vitamin and mineral)
deficiencies!?. This “hidden hunger” causes increased susceptibility to infectious disease,
reduced cognitive function, blindness and leads to an estimated one million premature deaths
yearly'=. Hidden hunger cannot be eradicated by simply increasing calorie intake;
diversified, plant-rich diets are needed to provide sufficient nutrients and calories*®. Indeed,
driven by a dependence on a few staple crops (often due to the inaccessible, high cost of non-
staple foods), micronutrient deficiencies remain highly prevalent in some countries where the

daily energy availability exceeds 2,500 kcal®.
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For many people, reducing micronutrient deficiencies could be achieved by expanding diets
and tapping into the great diversity of edible plants®’. Increasing consumption of specialty
and underutilised crops grown traditionally in local communities, crop landraces little used
outside of breeding programmes, and sustainably harvested wild plants could help alleviate
global micronutrient deficiencies!”®. Despite the potential nutritional benefits®, consuming a
diverse range of edible plants is uncommon: humans currently rely on only three crops (rice,
maize and wheat) to provide 60% of their plant-derived calories®°. This is partly due to high
demand, low prices and large-scale cultivation of a few staple crops, and absent value chains
for underutilised species, which together have caused many edible plants to become forgotten
and, in some cases, threatened'-12, Losing this edible plant diversity would limit options for
identifying future food sources and maintaining genetic diversity — both of which will be
essential for food security in the face of challenges, such as climate change!*%°. Interventions
promoting the consumption and conservation of a diverse range of species are therefore
needed®!®, but there is limited knowledge of the nutritional profiles of the unknown, but
large, number of edible plants®® (>7,000%") or their current threat status (but see!8). This
knowledge gap seriously impedes our ability to appreciate how edible plant diversity could
contribute to dietary diversity or support existing strategies to tackle specific micronutrient
deficiencies. We thus assess the potential of terrestrial angiosperm plant diversity as a
reservoir of micronutrients for humanity by 1) predicting the micronutrient profiles of >6,400
edible species and identifying those that could be key micronutrient sources, 2) determining
how threatened in situ and protected ex situ micronutrient-source species currently are, and 3)
assessing the geographic overlap of threatened-in-situ and not-conserved-ex-situ

micronutrient-source species with global malnutrition hotspots.

We focus on six B vitamins — thiamine (B31), riboflavin (B2), niacin (nicotinic acid &

nicotinamide, B3), pantothenic acid (Bs), pyridoxine (Be) and folate (Bg) — that play essential
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roles as cofactors in metabolism and nerve function, yet are commonly deficient in both
developed and developing countries®. For example, >40% of the populations in South and
South-East Asia are estimated to be deficient in folate!. First, using B-vitamin data for 280
nutritionally known (i.e. with data available for at least one B vitamin) angiosperm species
found around the world, we tested whether nutrition is predictable using phylogenetic
relationships®®, assuming closely related species share similar biochemistries®. The selected
edible species cover various foods, including fruits, vegetables, nuts, grains, herbs, spices,

and pulses.
Results

High and low concentrations of each B vitamin (except pyridoxine) were significantly
clustered across the phylogenetic tree (Fig. 1a) when all nutritionally known species were
considered. However, the strength of this clustering (phylogenetic signal; measured as
Pagel’s 4; Supplementary Table 1) varied among the B vitamins, with niacin and folate
showing stronger signals (n >256; 4 >0.302; p <0.001) than thiamine, pantothenic acid and
riboflavin (n >232; 1 <0.293; p <0.005). The lack of signal for pyridoxine (n = 261; A =
0.065; p = 1) may be due to the distinctiveness of different plant tissues (e.g. seeds versus
leaves) in terms of nutrition?*, as we found significant signal for pyridoxine when considering
only species that have leaves consumed (n = 54; 1 = 1.01; p <0.001; Supplementary Table 2).
For example, high values of all B vitamins were clustered in Fabales and Poales, and low
values, in Rosales and Cucurbitales (Supplementary Table 3). This result is consistent with
findings of significant clustering for the top-800 most consumed plants??, domesticated
crops? and plants with medicinal use?* across different taxonomic scales on the angiosperm

tree of life.
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93  For the five B vitamins demonstrating significant phylogenetic signal (thiamine, riboflavin,

94  niacin, pantothenic acid, and folate), we predicted their concentrations in the nutritionally

95  known species (Supplementary File 1) and the >6,400 nutritionally unknown edible plant

96  species (from 242 angiosperm families) that have been documented to be consumed by

97  humans around the world!’ (Supplementary File 2). For the nutritionally known species, this

98  was done by removing one species at a time from the phylogenetic tree and predicting its B-

99  vitamin concentrations using the strength of the phylogenetic signal for each B vitamin and
100 the B-vitamin concentrations of close relatives'®. For these five B vitamins, >91.4% of
101 nutritionally known species had measured (observed) values within the 95%-confidence
102 intervals of their predicted values (Supplementary Table 4; Extended Data Fig. 1). Further,
103  when comparing the predicted and observed values of nutritionally known species, we found
104  significant relationships for all B vitamins (gls; all t >6.05, p <0.001; Supplementary Table
105  5), and median differences between predicted and observed values for each nutrient were
106  <33% of the standard deviation across species. We then used the results for the nutritionally
107 known species to predict the B-vitamin profiles of the nutritionally unknown species (Fig. 1b;

108  Methods; Extended Data Fig. 2).
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Figure 1: Phylogenetic trees of a) nutritionally known (n = 229) and b) nutritionally
known and unknown terrestrial angiosperm edible plant species (n = 6,740) with their
corresponding observed and predicted B-vitamin profiles, respectively. From the inside
of the ring outwards, the B vitamins are thiamine, riboflavin, niacin, pantothenic acid,
(pyridoxine in 1a) and folate. Pyridoxine was omitted from 1b due its lack of phylogenetic

signal. B-vitamin values are expressed as their percentile rank, from low (yellow) to high
(blue) values. Well-represented orders and subclasses are highlighted around the tree.

To identify edible plants with the greatest potential for tackling B-vitamin deficiencies, we
focused on those predicted to be major sources (i.e. contribute >15% of a given B vitamin to
the recommended dietary allowance in 100 g of fresh edible plant material?®; Supplementary
Table 6). Additionally, to ensure our list of source species is conservative, we used a second
method to identify clades where “source” species are overrepresented (Methods). We
therefore focused on edible species predicted to be sources by both approaches (a
“conservative scenario”; Supplementary Table 7), but also provide the number of source
species predicted by at least one approach as a “best-case scenario”. We found 633 edible
species (best-case scenario: 1,745) as predicted sources of thiamine; 25 (608) of riboflavin;
243 (936) of niacin; 0 (686) of pantothenic acid; and 715 (1,314) of folate (Supplementary
File 3). This totalled 1,044 (2,475) edible species as sources of at least one B vitamin. In our
conservative scenario, no edible plants were sources of pantothenic acid, possibly because
pantothenic acid tends to be present in most plants?®. The low counts of source species for
pantothenic acid and riboflavin also reflect that these numbers are likely underestimates, as
we used a conservative approach (i.e. all B vitamins have source species in the best-case
scenario) and the total number of edible plants is unknown®. However, that 1,044 species
were predicted to be sources of at least one B vitamin supports other studies suggesting
edible plant diversity can contribute significantly to human nutrition®?”. These 1,044 source
species should be prioritised to have their nutritional profiles chemically validated. Critically,
we do not suggest these B-vitamin-source species should replace or are more nutritious than

commonly consumed crop staples, yet they could have a range of applications; from
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Global plant diversity as a reservoir of micronutrients for humanity
informing crop-breeding programmes (e.g. for biofortification?®3%), to sustainable wild
harvest or cultivation by local communities and practitioners’ or food, drink and nutraceutical

companies, to being focal points for policy and NGO interventions®103L,

To gauge opportunities for ensuring long-term preservation and availability of B-vitamin-
source species for humanity, we next assessed the threat status of each species in their natural
environment®? (in situ) and whether they are conserved ex situ in seed banks®*=34, We found
46.1% (n = 3,124 species) of edible species had unknown threat status (not assessed or data
deficient; Fig. 2), and 14.8% (540) of those assessed were threatened in situ (i.e. possibly
threatened, threatened or extinct in the wild), according to the Botanic Gardens Conservation
International ThreatSearch database*. Overall, 41.8% (2,818) of edible species were not
conserved ex situ, with this number rising to 60.9% (329) for species assessed to be
threatened in situ. Almost half (49.3%; 1,540) of species without a threat assessment were
also missing from ex-situ conservation records. When focusing on source species, figures
were less pessimistic but still stark: 34.0% (358) of source species had unknown threat
assessment; 9.1% (63) of those assessed were considered threatened (6.0% of all source
species); and 26.1% (272) were not conserved ex situ. The percentage of source species not
conserved ex situ rose to 44.4% (28) for those threatened in situ; and to 36.0% (129) for those
with unknown threat assessment. These source species should be prioritised for future threat-
status assessment and in- and ex-situ conservation programmes®. These percentages
corroborate other studies finding a significant portion of edible plant diversity still at risk of
extinction®3%37 and should be considered conservative, given a considerable number of

edible plant species likely remain undocumented® and potentially threatened®.
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a In-situ threat status b Ex-situ conservation status
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Figure 2: In-situ threat and ex-situ conservation status of all documented terrestrial
edible angiosperm species and predicted B-vitamin source species. a) “Extinct in the
wild”, “Threatened”, “Possibly threatened”, “Not threatened” and “Data deficient” refer to
the level of threat each species faces in situ according to the Botanic Gardens Conservation
International ThreatSearch database®?. Some species were absent from this database (“Not
assessed”). b) Ex-situ conservation status refers to whether the edible species are recorded as
being present in seedbanks — found by searching Genesys®* and the Millennium Seed Bank
Partnership data warehouse®?,

Finally, to explore which countries could benefit most from conserving their edible plant
diversity, we mapped the distributions of B-vitamin-source species and investigated regions
with high percentages of species threatened in situ or not conserved ex situ (Extended Data
Figures 3-5). We additionally examined whether these regions had high prevalence of
inadequate intakes of each B vitamin (using the estimated Prevalence of Inadequate
Micronutrient Intake Index from Beal et al.t). These countries have the most potential to

benefit nutritionally from their edible plant diversity (Fig. 3; see Supplementary File 4 for the
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countries in which each source species is found) but need to take the greatest steps in
safeguarding these species for future generations. These analyses may especially apply to
low-and middle-income countries, as they are more likely to rely on their native plant

diversity during times of hardship®.

For the 241 countries and island states with thiamine-source species, the mean number of
thiamine-source species in each country was 67 (standard deviation (£) = 51), of which 3.2%
of species on average were threatened (£3.9%) and 6.1% not conserved ex situ (£5.9%).
Higher percentages for both dimensions overlapped in China, South-East Asian countries and
Pacific islands (e.g. Sumatera, Jawa, Thailand, Myanmar, & Vanuatu; >3% threatened and
>15% not conserved ex situ; Fig. 3a). For riboflavin, 191 countries had a mean number of 4
(3) source species, of which on average 4.8% (+11.8%) were threatened and 29.8%
(£32.6%) not conserved ex situ. Several Asian and African countries and islands had high
percentages of riboflavin-source species not conserved ex situ (e.g. Sumatera, Cambodia,
Liberia, Vietnam, Gambia, Sierra Leone & Madagascar; >50%), whereas other countries,
such as Peru and New Zealand had >33% of species threatened in situ. High on both
dimensions were North American and Caribbean countries (e.g. El Salvador, Guatemala,
Dominican Republic, Puerto Rico, Mexico & United States), with >20% of riboflavin-source
species threatened and not conserved ex situ (Fig. 3b). Niacin-source species were present in
232 countries and islands (mean number = 22 £19), where a mean 2.9% (+5.4%) of niacin-
source species were threatened and 6.1% (+9.6%) not conserved ex situ. Several countries
from sub-Saharan African, South-East Asia and Pacific islands (e.g. Vanuatu, Sumatera,
Borneo, Sulawesi, Equatorial Guinea, Jawa, Thailand, & Gabon) had high percentages of
niacin-source species not conserved ex situ (>18%; Fig. 3c). In contrast, some higher latitude
countries (e.g. Tadzhikistan, Kuwait, Canada & Lesotho) had >10% of species threatened in

situ. Finally, folate-source species were present in 231 countries and islands (mean number =
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61 +57), with a mean 4.5% (£7.1%) threatened and 6.9% (+8.6%) not conserved ex situ.
Some sub-Saharan countries (e.g. Liberia, Gabon, Republic of Congo, Cameroon, Ivory
Coast, & Nigeria) had high percentages (>19%) of folate-source species not conserved ex
situ. In contrast, high percentages of threatened species were concentrated in several
European countries (Ireland, Iceland, Norway, Sweden, Denmark, Belarus, Poland &
Netherlands; >15%; Fig. 3d). Although these country-level percentages of source species
threatened or not conserved ex situ were on average low, conservation efforts for B-vitamin
source species could clearly be strengthened in many parts of the world, with South Asian
countries being conservation-priority hotspots for thiamine- and niacin-source species, North

America for riboflavin, and sub-Saharan Africa for niacin and folate.
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Figure 3: Percentages of B-vitamin source species that are globally threatened in situ
and not conserved ex situ in 244 countries and island states. Each data point represents a
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country or island, with the size indicating the number of B-vitamin-source species found in
that country, and colour highlighting the prevalence of inadequate intake (deficiency) in the
respective B vitamin?. Countries and islands with an area <6,000 km? are not shown in these
plots. “Threatened species” refers to species that are possibly threatened, threatened or extinct
in the wild globally, according to the Botanic Gardens Conservation International
ThreatSearch database®?. Species “not conserved ex situ” refers to those absent from
Genesys®* and the Millennium Seed Bank Partnership databases®. The data in these

scatterplots (including small countries and islands) are available in map and table format in
Extended Data Figures 3-5 and Supplementary File 4.

Several of these conservation-priority hotspots additionally had high prevalence of B-vitamin
deficiencies (Supplementary File 4). Thailand is of conservation priority for thiamine-source
species, and 33.0% of the population suffered from thiamine deficiency. Guatemala
(riboflavin conservation priority) had prevalence of riboflavin deficiency >26.6%, whereas
the Republic of Congo and Liberia (folate conservation priorities) both had >54.2% people
suffering from folate deficiency. Overall, this overlap of conservation-priority and
malnutrition hotspots underlines the need for improved safeguarding strategies in these
countries, to ensure edible plant diversity remains a reservoir of nutrition for future

generations.

Despite this need to improve safeguarding strategies, the high numbers of thiamine- and
folate-source species across many countries highlight some potential for increased,
sustainable consumption of edible plant diversity in targeted health interventions. Identifying
which edible species would be most appropriate for such interventions would however
require further work, such as choosing species with optimal growth rates, pest resistance and
climate resilience*'*, or matching cultural taste preferences®®4°. Moreover, it would be
imperative to undertake this research using a participatory approach, involving scientists,
practitioners, local communities, policy makers and other relevant stakeholders®>**. This will
be important for gauging the potential productivity and demand of specific species, both of

which would determine pricing — with low prices needed to reach people most afflicted by B-
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vitamin deficiencies?. Such work is currently conducted by organisations such as CGIAR
(formerly Consultative Group on International Agricultural Research) and Bioversity
International, which, for example, have improved value chains in Guatemala for the
nutritious edible plants chaya (Cnidoscolus aconitifolius) and tepary bean (Phaseolus
acutifolius)*2. Our approach represents a first step to complement the activities of such
organisations, and we appreciate that a large amount of work would still be required at

multiple scales for edible plant diversity to be used to improve B-vitamin intakes.

Although this study provides a first insight into the potential of edible plant diversity to
alleviate B-vitamin deficiencies, it comes with a few limitations. Firstly, we could not predict
the pyridoxine concentration in nutritionally unknown species, due to its lack of phylogenetic
signal. Secondly, the limitations of the prediction method (see Vaitla, Collar, et al.'®) imply
the predictions are likely to be conservative, i.e. when comparing predicted and observed B-
vitamin concentrations for nutritionally known species (Extended Data Fig. 1), there was a
tendency to underestimate their concentrations, and our best-case scenario predicted a greater
number of source species. Further, the large nutritional discrepancies arising from consuming
different plant tissues (e.g. seeds versus leaves) cannot be accurately estimated. In the future,
knowing these plant tissues will also be important for any health intervention using edible
plant diversity, as it will determine the feasibility of including source species into existing
diets’. Thirdly, nutritional profiles of plants can vary spatiotemporally, depending on, for
example, soil and climate conditions, thus our predictions may not represent the full variation
of nutrient concentrations observed for a given species®. Finally, the nutritional profile of the
raw edible plant may not equate to oral bioavailability in humans. Edible plants often contain
“anti-nutrients”, such as protease-inhibitors, oxalates and phytates, which may reduce
absorption of some micronutrients?®, and the B-vitamin profile of plants may change during

processing®. In addition, it is necessary to understand how to safely prepare species for

12
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consumption, e.g. 23.9% of source species have additional uses as vertebrate or invertebrate
poisons, though have records of safe use!’. These limitations underline that our predictions
need to be confirmed with chemical analyses performed across edible species from multiple
geographic regions, combined with better understanding of the bioaccessibility of their B

vitamins.
Conclusions

Overall, we find that closely related edible plant species share similar B-vitamin profiles (for
thiamine, riboflavin, niacin, pantothenic acid and folate), enabling the prediction of B-
vitamin profiles for >6,400 nutritionally unknown edible species, which resulted in 1,044
species being identified as potential B-vitamin sources. Despite the potential of these 1,044
species to contribute to future nutritional resilience, many are threatened in their natural
environments and not yet preserved in seedbanks, including in some of the countries most
afflicted by B-vitamin deficiencies. Although tackling micronutrient deficiencies requires a
multi-faceted approach across multiple scales of governance, our study offers the means to
concentrate efforts on species most likely to act as future reservoirs of B vitamins. Edible
plant diversity has the potential to complement existing strategies to improve nutrition,
provided we make it accessible to those who need it most, use it sustainably and guarantee its

long-term conservation.

METHODS

Nutritional data for the nutritionally known edible plant species

B-vitamin data (thiamine (B1), riboflavin (B2), niacin (Bz), pantothenic acid (Bs), pyridoxine
(Bs) and folate (Bo)) on 321 edible species and varieties were collected from eight online

national and regional food-composition databases: United Kingdom*®; United States*®; New
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Zealand*"; Japan“®; West Africa®®; Malawi®®; India®; and the Pacific Islands®? (see
Supplementary Table 8 for the list of species included). These food-composition databases
were selected to get a global cover of nutritionally known species, using only values for
which B-vitamin data on 100 g of the unprocessed, fresh edible portion of the plant were
available. We ensured all B-vitamin concentrations were in consistent units of measurement
across the databases and have presented data based on accepted analytical methods for
assessing B-vitamin composition (see Supplementary Table 9 for a summary of the analytical
methods used by the different food-composition databases). In 27 cases where multiple
entries for a given species existed (due to multiple tissues being consumed: e.g. garden cress
leaves or seeds; or multiple varieties existing: e.g. broccoli, cabbage, cauliflower and
Brussels sprouts for Brassica oleracea L.), we selected either the most common variety or
tissue consumed, or selected one entry randomly, leading to 41 entries being removed
(Supplementary Table 8). Additionally, some entries for nutritionally known “species”
comprised multiple species within a genus (n = 6; e.g. Dioscorea “yam” comprises several
species), but only one mean B-vitamin profile was available. In these cases, one species was
chosen to represent the genus, by choosing the most commonly eaten species or, when the
species could not be differentiated using this criterion, a representative species was chosen
from the genus randomly (Supplementary Table 8). After these removal steps, we were left

with 280 nutritionally known species (Supplementary Table 8).

Species were grouped based on the part consumed, following Ray, Ray & Sreevidya®®: seeds
and grains (n = 77; including legumes); leaves and leafy shoots (56); flowers (4); fleshy fruits
(110; including berries); underground organs (30; including true roots and underground
storage organs, such as bulbs, tubers and rhizomes); and other (3; e.g. bulbils and petioles).
These groups were pooled for all further analyses (Supplementary Methods 1, Supplementary

Table 2). All further work was performed using R (v. 3.6.3 and v. 4.0.2°%).
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Edible plant species

Data on edible plants came from the World Checklist of Useful Plant Species database!’, a
compilation of 13 datasets representing 40,292 species categorised by their uses. Here, only
“human food” (viz. recorded use of this plant being consumed; n = 7,039) terrestrial
angiosperms were used, although we acknowledge many non-terrestrial and/or non-
angiosperm plant species also have the potential to be nutritious®. Note that the database
does not specify the part of the plant consumed. This list was divided into “nutritionally
known” (i.e. were present in the food-composition databases) and “nutritionally unknown”
species. As each B vitamin varied in data availability, the number of nutritionally known
species varied between 232 (for pantothenic acid) and 280 (for thiamine), and nutritionally

unknown species, between 6,460-6,508.

Phylogenetic inference

To construct the phylogenetic tree, a dated, species-level, backbone phylogenetic tree for
Spermatophyta®®, as modified by Jin & Qian® (“GBOTB.extended” tree) was pruned to
contain only the desired species. The original phylogenetic tree by Smith and Brown®®, which
contains >79,000 terminal taxa, was constructed using maximum likelihood by mining the
available molecular data for Spermatophyta from GenBank®® and dated according to
Magalldn et al.>®. To consolidate the nomenclature between the Smith and Brown®® backbone
phylogenetic tree and the edible plant species list, species names were homogenised against
the World Checklist of Vascular Plants® using the package “Taxonstand”!. Some of the
edible plant species were absent from the backbone phylogenetic tree (n = 3,130 species).
Using the bind.relative function in the V.Phylomaker package®’, missing species with at least
one congeneric species on the tree were attached randomly to a congeneric (n = 2,754), and
missing species without a congeneric species (n = 376) were added randomly to another

member of their taxonomic family. We repeated this random addition of species 100 times, to
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create 101 replicate trees. The resulting set of edible plant trees had 6,740 terminal taxa from
242 angiosperm families. All figures of phylogenetic trees were created using “ggtree”? and

“ggp10t2”63.

Testing for phylogenetic signal for B vitamins among nutritionally known species

To test for phylogenetic signal among the nutritionally known species, Pagel’s A was
calculated for each B vitamin® with its likelihood-ratio test (LRT) using the “phytools”
package®®. Pagel’s / finds the transformation of the branch lengths that best predicts the trait
distribution on the phylogeny expected under a random-walk, viz. Brownian-motion model®®.
Pagel’s A was chosen over other indices of signal (e.g. Blomberg’s K), as it is more robust to
missing phylogenetic information®”%, It normally ranges between 0 and 1 (though >1 is
possible), with 0 representing no phylogenetic signal (closely related species do not share
similar nutrition; branch-length transformation results in a “star” phylogeny) and 1
representing closely related species being as similar nutritionally as would be expected under
Brownian-motion evolution (no branch-length transformation required®). To assess whether
the random placement of missing species could have affected measures of signal, we

calculated phylogenetic signal for the 101 replicate trees (Supplementary Table 10).

Predicting the B-vitamin profiles of edible plants

To estimate the B-vitamin profiles of the nutritionally unknown species, we followed the
method of Vaitla, Collar, et al.2°. This method assumes a Brownian-motion model of
evolution, allowing the B-vitamin profile of a nutritionally unknown edible species to be
approximated as the estimated state for the most recent common ancestor (MRCA) between
the nutritionally unknown species and its most closely related nutritionally known species®®.
This is because, under Brownian motion, the concentration of a given B vitamin is not
expected to change along any branch of the phylogenetic tree® — that is, the change in B-

vitamin concentration along a branch has an expected mean of zero and an unknown,
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constant variance® - g2 (estimated using the fitContinuous function from “geiger” R

package®®).

Therefore, for each B vitamin, the edible plant tree was transformed using the lambda values
calculated for the nutritionally known species above (Extended Data Fig. 2). Each
nutritionally unknown species then took the value of the estimated state for the MRCA
between it and its nearest nutritionally known species, where the state for this internal node
was taken as the branch-length-weighted mean of the states at the nodes immediately
shallower and deeper to it. The uncertainty of each estimate was calculated as t X o2, where
t is the branch length of the nutritionally unknown species to its MRCA with a nutritionally
known species®. Uncertainty therefore increases with the time elapsed since the divergence
between the nutritionally unknown edible species and its most closely related nutritionally

known species. We constructed 95%-confidence intervals around each predicted value®® as

+1.96 X Vt X 2.

To validate this prediction method, we used jackknifing®. For each B vitamin, one
nutritionally known species was removed from the dataset, and its value and 95%-confidence
intervals estimated. We then determined if the measured value fell within its estimated
confidence intervals (error rate). For each B vitamin, we calculated the median percentage
deviation (standardised by the standard deviation) between predicted and measured
(nutritionally known) values®®. Finally, to examine the strength of the relationship between
the predicted and observed values, we used generalised least squares models (gls; “nlme”
package’®). As the residual model variance increased with observed values, a model variance
structure was included: either as an exponent of the variance covariate (for thiamine, niacin
and pantothenic acid) or as a constant plus power of the variance covariate (for riboflavin and

folate). This was based on which gave the lowest model Akaike Information Criterion (AIC).
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Pyridoxine was not modelled, as its lack of significant signal precluded it from being

predicted.

Identifying edible plants that are sources of B vitamins

“Sources” of a B vitamin were defined as contributing >15% towards recommended dietary
allowances®>?" for active females (31-50 years; RDAs; Supplementary Table 6) per 100 g of
fresh edible plant material consumed. RDAs for females were chosen, as females are often

more likely to suffer from vitamin deficiencies’*.

To validate which edible plants are sources of each B vitamin, we additionally predicted
source species using a second approach that is analogous to the “nodesig” function in
PHYLOCOM'27 (as in Saslis-Lagoudakis et al.?*). This second approach uses the
phylogenetic tree of nutritionally known species to find taxonomic groups (nodes) that have
significantly more descendants that are sources of the vitamin than would be expected from
sampling the tips of the tree randomly (“hot nodes”). We then identified the corresponding
hot nodes on the edible plant tree — nutritionally unknown plant descendants from these nodes
were labelled as being predicted sources. To validate this second approach, we predicted if a
given nutritionally known species would be identified as a “source”, by removing one species
at a time from the phylogenetic tree and predicting the remaining species. As the results of
this approach are binary — a species is (or is not) a source — we examined the proportion of
nutritionally known species that were correctly identified as being a source (or not), and,
among those incorrectly identified, if they were false positives or negatives. Across the five B
vitamins, >75.0% of nutritionally known species were correctly identified. For all B vitamins,
except niacin, the percentage of false negatives was higher than that of false positives
(ranging for the B vitamins between 0.750-19.3% vs. 0.571-11.8%, respectively). More
species were identified as being sources than when using the first approach by Vaitla, Collar,

et al.’%, suggesting this approach is likely to give conservative estimates of the number of
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edible plants that are sources of each nutrient (Supplementary Table 7). Edible species were
therefore identified as “sources” of each B vitamin if they were predicted by both the method

of Vaitla, Collar, et al.® and this second approach.
Conservation status of edible plant diversity

Edible-plant threat status (in situ) was assessed by searching the Botanic Gardens
Conservation International (BGCI) ThreatSearch database®?. ThreatSearch is the most
comprehensive database for conservation assessments and contains assessments performed
by the International Union for the Conservation of Nature, among other sources®. Species
absent from the database were labelled as “not assessed”. We selected only global
assessments, and for species with multiple entries available, we chose the most recent entry.
When entries could not be differentiated using these criteria and each entry was different, we
kept all entries (n = 40 species). “Interpreted conservation status” was used. To ascertain
whether the edible plants have been conserved ex situ (i.e. have seedbank records), we
searched the Millennium Seed Bank Partnership® and Genesys Global Portal on Plant

Genetic Resources®*.

Geographic distribution of source edible plants

Presence-absence data at level 3 (country to sub-country) of the World Geographical Scheme
for Recording Plant Distribution’ were obtained from the World Checklist of Vascular
Plants® for all edible plants, which we used to map the number of native and introduced
source species for each B vitamin. We then calculated for each country and sub-country the
percentage of source species that are threatened in situ (possibly threatened, threatened or
extinct in the wild®?) or not conserved ex situ, by dividing the number of threatened or not-
conserved-ex-situ source species by the total number of source species in that country/sub-

country for each B vitamin.
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To explore the countries that would benefit most from improving conservation of their edible
plant diversity, we visually assessed whether countries with the highest prevalence of
inadequate B-vitamin intake also had the highest percentages of source species threatened or
not conserved ex situ for each B vitamin. Estimates of the prevalence of inadequate intake
were taken from Beal et al.!, who combine 1) food composition databases, 2) FAO
agricultural production, import and export data, and 3) population-weighted Estimated
Average Requirements, to calculate the average Prevalence of Inadequate Micronutrient
Intake Index for each country between 1961 and 2011 (we used the most recent estimate
available: 2011). We reconciled the plant distribution and inadequate-intake data to the same
spatial resolution (viz. country level) and produced maps showing the co-distributions of
threatened and not-conserved-ex-situ source species and inadequate intake using the “biscale”
package’®, with the numerical range for each colour determined using the Fisher natural

breaks classification method’® (Extended Data Figures 3-5; Supplementary File 4).

Data availability: All data used were accessed from publicly available databases and are
indicated in the Methods. B-vitamin predictions are available in Supplementary Files 1 and 2.
Species predicted to be B-vitamin sources under the conservative and “best-case” scenarios
are listed in Supplementary File 3, with the names of the countries in which each consensus
source species is found. Supplementary File 4 contains, for each country, the number of
source species, percentages of source species that are threatened in situ and not conserved ex
situ, and the prevalence of each B-vitamin deficiency. A list of the nutritionally known edible

species used is available in Supplementary Table 8.

Code availability: R scripts for testing for phylogenetic signal, performing the predictions for

the nutritionally known and unknown species are available in Supplementary Files 5-8.
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673 profiles of nutritionally unknown species.

674 - Extended Data Fig. 3: Overlap of the number of edible plant species that are
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676 intake.

677 - Extended Data Fig. 4: Overlap of the percentage of threatened-in-situ B-
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681 intake.
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684 - Supplementary Table 1: Phylogenetic signal of each B vitamin across
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- Supplementary Table 4: Performance of predicting B-vitamin values of
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- Supplementary Table 7: Number of edible plant species predicted to be
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using the different prediction methods.
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- Supplementary Methods 1: Investigating how the presence of different plant

tissues affects phylogenetic signal.

Supplementary File 1: Predicted values for nutritionally known species (using jackknifing)
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Vaitla, Collar, et al. (2018).

Supplementary File 2: Edible plant predictions (nutritionally unknown species) for thiamine,
riboflavin, niacin, pantothenic acid and folate. Following the approach of Vaitla, Collar, et al.
(2018).
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Supplementary File 3: Consensus and best-case B-vitamin source species. These plants were
either predicted to be B-vitamin sources by both prediction methods or at least one prediction
method, respectively. The countries in which the consensus source species are found are also

given.

Supplementary File 4: For each country, the number of source species, the percentages of
source species that are threatened in situ and not conserved ex situ, and the prevalence of

deficiency of thiamine, riboflavin, niacin and folate.

Supplementary File 5: R script for measuring phylogenetic signal of B vitamins in

nutritionally known species.

Supplementary File 6: R script for predicting the B-vitamin concentrations for nutritionally

unknown species following the method of Vaitla, Collar et al. (2018).

Supplementary File 7: R script for validating the prediction method of Vaitla, Collar et al.

(2018) by predicting the B-vitamin concentrations of nutritionally known species.

Supplementary File 8: R script for predicting B-vitamin-source species using the “hot-node”

approach.

32



