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Abstract: Seed uniformity and stability testing, and multiplication, are key steps in the seed supply
chain of the common bean (Phaseolus vulgaris L.) and other crops. Optimizing agronomical practices
in these phases can ultimately ensure seed quality and availability, and germplasm prospective
utilization. However, farmers have rarely standardized seed testing and propagation protocols
in local common bean landraces conserved in situ. An example of this is the Liborino variety
(var.), a promising yellow Andean common bean known for its presumably high digestibility and
adaptation to the local conditions of the Cauca river canyon (northwest Andes of Colombia), but likely
experiencing genetic erosion after decades of suboptimal propagation. Therefore, this work intended
to evaluate and select locally adapted genotypes of common bean var. Liborino for commercial
use, to be later multiplied, evaluated by participatory breeding, and eventually shared with farmers.
Specifically, we evaluated 44 accessions of var. Liborino common bean in six adaption and yield field
trials in the Cauca river canyon at 1100 and 1400 m a.s.l, and in AGROSAVIA’s “La Selva” research
station at 2100 m a.s.l. In parallel, we carried out standardized seed multiplication of a Liborino
genotype using best practices to guarantee uniformity and stability. From the 44 accessions, nine were
well adapted to the tested local conditions. Four of these accessions exhibited a bush type growth
habit, while the remaining five were climbers. The trials revealed maximum average extrapolated
yields of up to 1169.4± 228.4 kg ha−1 for the bush types (G8152) and up to 1720.0 ± 588.4 kg ha−1 for
the climbers (G51018), both at 2100 m a.s.l. Three climbing accessions matched farmers’ expectations
for seed coat color and shape, according to a participatory selection exercise. Uniform and stable
seed of the selected genotype was delivered in 2022 to 39 farmers, ~6.5 kg of seeds per farmer.
Our results will allow implementing bean genetic improvement pipelines, promoting var. Liborino
commercialization, and boosting the economic and sustainable development of the rural communities
in the Cauca river canyon. Seed uniformity testing and multiplication pipelines must be extended to
other bean landraces conserved in situ.
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1. Introduction

Legumes are an affordable source of easy-assimilated plant protein and essential
nutrients for the poor, as well as a priority in alternative source of protein in vegan diets.
Legumes also provide secondary ecosystem services as forages and soil fertilizers [1].
Common bean (Phaseolus vulgaris L.) is grown across 23 million hectares, in a broad range
that extends from the central and northern highlands of Mexico, to coastal Peru and
northeastern Brazil in the south, and Eastern and Southern Africa in the east, feeding over
500 million people [2]. However, there is currently a deficit in certified seed (key to convey
seed uniformity for multiplication), and local production in Central and South America.
These bottlenecks translate into common bean being imported to these regions, which
notably are its primary agrobiodiversity diversity centers [3,4].

Common bean diversified southwards the Americas [5,6] from a wild range in Central
America [5,7,8], after which independent domestications in the southern and northern ends
originated the cultivated Andean and Mesoamerican genepools [7,9,10]. The southernmost
races (found in Ecuador/Northern Peru, Southern Bolivia, and Argentina) are from the
Andean genepool [11], while the northernmost races (in Highland Mexico, Lowland Mexico,
and Guatemala) are from the Mesoamerican genepool [12].

A highly valued bean type found in both genepools, Andean and Mesoamerican, is
the yellow common bean [13]. Yellow beans are dietary staples in Eastern and Southern
Africa, as well as in secluded valleys in Mexico and the northern Andes. One of the most
prominent quality attributes of yellow beans is their fast cooking time (<30 min), which
could convey a market preference in regions of the world where cooking fuel is limited or
expensive [13]. Another appeal for consumers not used to daily bean ingestion is yellow
bean’s digestibility. Yellow beans are low in insoluble dietary fiber, tannins, and indigestible
proteins and starch, all of which are known to increase flatulence [14]. It has also been
reported that a yellow seed coat color associates with lower concentrations of polyphenolic
compounds [15], empowers iron bioavailability [16] and plant defense [17].

Common bean var. Liborino is a promising Andean yellow for its high digestibility
and adaptation to the local conditions in Colombia, where it is found [18]. This region,
a mandatory trading path of key crop species across the Americas in pre-Columbian
times [19], is considered an evolutionary cradle for common bean [5,20]. Both genepools
occurred in sympatry and hybridized in this region [11,21]. The Liborino variety was
named at the end of the 19th century after the main town in the region, Liborina, located in
the eastern slope of the Cauca river canyon at the Colombian province of Antioquia [22].
Then it was common to find Liborino beans in farms and markers in neighboring regions,
together with the nowadays-more-popular Cargamanto cultivars [18].

Nonetheless, no more than 40 family farms currently conserve the landrace in situ. It
is now largely unknown outside the Liborina region due to the sporadic trading from the
Cauca river canyon following decades of civil conflict. Coffee plantations, illicit crops [23],
illegal mining [24] and the ongoing construction of the largest dam in South America,
Hidroituango [25], have further displaced the once popular variety. An effect of this limited
modern utilization is that Liborino bean is unexplored and likely under genetic erosion.
Furthermore, farmers do not follow good practices for seed multiplication, to ensure seed
quality, uniformity and trait stability [26] (e.g., in germination rate, absence of seed borne
diseases, and plant uniformity).

Given the previous research gaps, the overall goal of this work was to characterize and
provide selected locally adapted Liborino bean seeds for commercial use to the local farmers.
As a first step, we aimed to screen a diverse Liborino panel comprising 44 genebank
accessions, and screen for local adaptation and yield in six field trials spanning three
contrasting altitudes. Secondly, we carried out trait uniformity testing, multiplication and
release of seed for the selected genotype of common bean var. Liborino. Improving genetic
resources from the local agrobiodiversity, as envisioned here, has the potential to enhance
the sustainable economic development of rural communities.
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2. Materials and Methods
2.1. Plant Material

A total of 44 accessions of var. Liborino were included in this study (Table 1).

Table 1. Passport identifiers and seed coat color pattern of the 44 accessions of common bean
(Phaseolus vulgaris L.) var. Liborino panel tested. Bold lines correspond to accessions selected for yield
trials. Data are as per CIAT’s Genetic Resources Program with details in Table S1, and within-accession
color segregation in Figure S1. Rounded shape = rounded-squared, NA: not available.

Accession Province Municipality Growth Habit Seed Color Tonality
(s.l.) Seed Shape Seed

Brightness
Altitude
(m a.s.l.)

G11819 Antioquia NA Climbing Yellow, Red Rounded Intermediate NA
G12671 Antioquia Medellin Climbing Cream, Black Rounded Intermediate NA
G12702 Nariño Pasto Climbing Yellow, Red Rounded Intermediate 2700
G12706 Nariño Pasto Climbing Yellow, Brown Rounded Intermediate 2800
G12712 Nariño Pasto Climbing Yellow, Brown Elongated Intermediate 2600

G50516A Antioquia Liborina Climbing Red Rounded Intermediate 1930
G50516B Antioquia Liborina Climbing Cream, Red Rounded Intermediate 1930
G50516C Antioquia Liborina Climbing Red, Cream, Black Rounded Intermediate 1930
G50516D Antioquia Liborina Climbing Red, Yellow Rounded Intermediate 1930
G50516E Antioquia Liborina Climbing Yellow, Red Rounded Intermediate 1930
G50516F Antioquia Liborina Climbing Red Elongated Intermediate 1930
G50516G Antioquia Liborina Climbing Yellow, Pink Rounded Intermediate 1930
G50516H Antioquia Liborina Climbing Cream, Other, Black Rounded Bright 1930
G50516I Antioquia Liborina Climbing Cream, Brown Rounded Intermediate 1930
G50516J Antioquia Liborina Climbing Black Rounded Intermediate 1930
G50516K Antioquia Liborina Climbing Brown Rounded Bright 1930
G50516L Antioquia Liborina Climbing Cream, Brown, Other Rounded Intermediate 1930
G50516N Antioquia Liborina Climbing Cream, Brown, Black Rounded Intermediate 1930
G50516O Antioquia Liborina Climbing Pink, Cream, Other Rounded Intermediate 1930
G50516P Antioquia Liborina Climbing Yellow Rounded Intermediate 1930
G50516Q Antioquia Liborina Climbing Other, Black Rounded Bright 1930
G50516S Antioquia Liborina Climbing Pink, Brown Rounded Intermediate 1930
G50516T Antioquia Liborina Climbing Brown Rounded Bright 1930
G50516U Antioquia Liborina Climbing Brown Elongated Intermediate 1930
G50834 Antioquia Santa Fe de Ant. Climbing Yellow, Red Rounded Intermediate 1600
G50840 Antioquia Santa Fe de Ant. Climbing Yellow, Red Rounded Intermediate 2060

G50840A Antioquia Santa Fe de Ant. Climbing Cream, Red Rounded Intermediate 2060
G50840B Antioquia Santa Fe de Ant. Climbing Yellow, Red Rounded Intermediate 2060
G50997 Antioquia Andes Climbing Yellow, Red Elongated Intermediate 1500

G50997B Antioquia Andes Climbing Purple Rounded Intermediate 1500
G51013 Antioquia Liborina Bush Cream, Red Rounded Intermediate 1930

G51013A Antioquia Liborina Climbing Yellow, Red Rounded Bright 1930
G51018 Antioquia Liborina Climbing Yellow, Red Rounded Intermediate 1930
G51285 Antioquia Liborina Climbing Red, Cream Rounded Intermediate 1930

G51285C Antioquia Liborina Climbing Brown, Other, Purple Rounded Intermediate 1930
G51285E Antioquia Liborina Climbing Cream, Red Elongated Opaque 1930
G51285F Antioquia Liborina Climbing Cream, Other, Black Rounded Intermediate 1930
G51285G Antioquia Liborina Climbing Cream, Other, Purple Rounded Intermediate 1930
G51285H Antioquia Liborina Climbing Black Rounded Intermediate 1930
G51433 Antioquia Santa Fe de Ant. Climbing Yellow, Red Rounded Intermediate 1600
G916 Antioquia NA Bush Yellow, Brown Elongated Intermediate NA

G4547 Antioquia Medellin Bush Yellow, Red Elongated Intermediate NA
G8152 Antioquia Medellin Bush Yellow, Purple Elongated Opaque NA
G14172 Antioquia Medellin Bush Yellow, Purple Elongated Intermediate NA
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All accessions are conserved under the genetic resources treaty of the Food and Agri-
culture Organization of the United Nations (FAO collection), and were transferred by the
Genetic Resources Unit of the International Center for Tropical Agriculture (Biodiversity—
CIAT Alliance). Accessions were chosen so that their passport descriptors matched the
Liborino tag, and the seed coat color pattern coincided with the expected for Liborino beans
(Table S1). Natural segregation of the landraces led to additional tonalities, so only seeds
with Liborino-like yellowish coat color were retained (Figure S1).

Seeds received from the genebank had to be multiplied for the following trials. There-
fore, multiplication took place during the growing season of October 2019–March 2021 in
AGROSAVIA’s “La Selva” research station at 2100 m a.s.l. (Rionegro, province of Antioquia,
Colombia, 6◦07′54.9′′ N, 75◦24′58.4′′ W). Each accession was sowed in two rows, each with
eight sites and one seed per site, adding up 800 m2 of planting area.

2.2. Adaptation and Yield Field Trials

All 44 accessions were established in trials in three altitudes representing the natural
altitudinal gradient found in the municipality of Liborina at the east margin of the Cauca
river canyon, Colombia. Localities were Rodas river basin at 1100 m a.s.l. (6◦45′34.0′′ N,
75◦49′31.5′′ W), San Diego village at 1400 m a.s.l. (6◦43′09.3” N, 75◦46′43.6′′ W), and
AGROSAVIA’s “La Selva” research station at 2100 m a.s.l. (6◦07′54.9′′ N, 75◦24′58.4′′ W;
17.1 ◦C; 1920 mm; 78% RH). La Selva research station corresponds to the lower montane
wet forest life zone, with soils classified as Andisols, Typic Fulvudands.

First season planting followed a randomized complete block design with two repeti-
tions, each across one row, eight sites per row, and two seeds sowed per site, for a total area
of 500 m2 per locality at planting distance of 1 m × 0.5 m. Sowing took place in October
2020. Fields were rainfed using farmers’ traditional management for climbing beans. Plant
survival and phenology were recorded biweekly until the end of the growing cycle in
March 2021. Plants that produced crop were manually harvested.

A second season of trials was completed at the same three localities only for the acces-
sions that produced crop, evidence of a good local adaptation. A total of nine accessions
were planted at each locality following a randomized complete block design, this time with
three repetitions, each with three rows, eight sites per row, and two seeds sowed per site.
This led to a total area of ca. 500 m2 per locality at a planting distance of 1 m × 0.5 m. The
trials were established in April 2021, and fields were also rainfed using local farmers’ tradi-
tional management for climbing beans. Plant phenology was recorded biweekly until the
end of the growing cycle in September 2021. Days to flowering (i.e., days from emergence
to 50% of plants have set flowers) were recorded per plot. Individual plants were manually
harvested to record yield traits. From a set of ten plants per plot, the number of pods and
number of seeds per pod were recorded. Total yield was extrapolated to kg per hectare for
each accession per locality.

During both growing seasons, plants received a fertilization rate of: 20 kg of organic
material/ha, 8 kg 10-30-10 fertilizer/ha, and 20 kg of minor elements/ha. Non-limiting
growth conditions were maintained, and manual weed control was applied every 25 days.
Additionally, a participatory evaluation with local farmers was performed. During grain
filling and harvest, farmers made a visual assessment of all genotypes, focused on plant
performance as well as phenology and seed traits.

The dataset of measurements from the adaptation and yield trials was analyzed in
R v.4.2.0 (R Core Team) via linear models (lm function) and Welch’s t-tests (ggbetweenstats
function from the ggstatsplot package). These analyses initially targeted differences between
growth habits as main fixed effect.

Additionally, and as a second analytical step, Tukey and Welch one-way tests were
carried out within each elevation using the R-package emmeans as a way to contrast pairwise
genotypes’ reactions in terms of days to flowering and extrapolated yield (kg ha−1).
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2.3. Seed Uniformity and Multiplication

A total of five kilograms of seed of common bean var. Liborino were established in
AGROSAVIA’s “La Selva” research station at 2100 m a.s.l. (geographic coordinates same
as above). A total of 100 single-seed descendent self-pollinated families were established
in October 2020 by harvesting 200 out of 500 plants with individual tutoring at a planting
distance of 1.10 m × 0.40 m and a total area of ca. 2200 m2. Plants were biweekly selected
based on agro-morphological traits (plants with desired growth habit and flower color) and
disease response (visual inspection for symptoms of seed-borne diseases and virus infection).

Based on these criteria, a total of 200 plants were individually tagged, and referred
to as families. Manual harvest was completed individually for each family in March 2021.
Seeds from each family were further selected so dry seed weight fell within ±1 g from
the standard deviation. Seeds were finally screened for physiological parameters (seed
humidity < 14% and >80% germination rate), and kept at 6 ◦C to prevent diseases.

Finally, multiplication of uniform seeds was carried out for 100 selected families in
AGROSAVIA’s “La Selva” research station from May to October 2021. A total of 44 seeds
per half-sib family were sowed in 22 sites, two seeds per site, at a planting distance of
1.10 m × 0.40 m, for a total area of ca. 880 m2. Manual harvest proceeded as described
above. Seeds were also checked for physiological parameters (i.e., seed humidity < 14%
and >80% germination rate), and finally stored at 6 ◦C.

3. Results
3.1. Adaptation Trials across Three Altitudes for 44 var. Liborino Accessions during the First Season

We evaluated days to flowering in trials at three altitudes for 44 accessions of common
bean (P. vulgaris L.) var. Liborino during the first season of trials in October 2020–March 2021
(Figure 1). Four accessions were precocious (grey dots in Figure 1) and reached flowering
time before 40 days in the trial at 1100, and 60 days in the trials at 1400 and 2100 m a.s.l. The
remaining accessions reached flowering time after these thresholds (pink dots in Figure 1).
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Figure 1. Average days to flowering in adaptation trials across three altitudes for 44 accessions of
common bean (P. vulgaris L.) var. Liborino during the first season of trials (October 2020–March
2021). Altitudes are depicted as: (A) 1100, (B) 1400, and (C) 2100 m a.s.l. Colors of the dots indicate
contrasting growth habits (grey for bush type, orange for climbers). Squared and rounded shapes
mark boxplots and violin distributions, respectively. Each subfigure’s title shows Welch’s t-test, a
parametric approach to compare groups when there is an imbalance in the number of individuals
and homogeneity of variance cannot be assumed.
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Overall, nine accessions reached harvest time. They were interpreted as locally
adapted and progressed to the second season trials. Among these nine, five were climbing
beans (G50834, G50840, G50840B, G51018, and G51433) and four were bush types (G916,
G4547, G8152, and G14172). Four of the climbing accessions (G50834, G50840, G50840B,
and G51433) were collected in the Municipality of Santa Fe de Antioquia, 22 km south of
Liborina at the west margin of the Cauca river canyon, from 1600 to 2060 m a.s.l. Interest-
ingly, climbing accession G12702 was collected from the southernmost Nariño high plateau
at 2700 m a.s.l (Table 1).

3.2. Yield Trials across Three Altitudes for Nine var. Liborino Accessions during the Second Season

We evaluated total yield, yield components and days to flowering in trials at the same
three locations and altitudes for nine accessions of common bean (P. vulgaris L.) var. Li-
borino that were considered locally adapted in the first season (red dots in Figure 1). Trials
progressed during the second work season (April–September 2022). The nine accessions
previously considered as locally adapted (based on flowering time in trials at Liborina) had
enough seed material to be tested at the yield trials on the second season. In this trial, climb-
ing beans exhibited days to flowering ranging from 56 ± 3.1 for G50840B at 1100 m a.s.l.
to 76 ± 8.9 for G51433 at 2100 m a.s.l. Meanwhile, bush beans showed days to flowering
ranging from 34 ± 8.0 for G8152 at 1100 m a.s.l. to 56 ± 8.0 for G8152 at 2100 m a.s.l.
Climbing beans flowered later than bush types; 65.4 ± 8.9 days vs. 41.1 ± 8.0 days for
climbers and bush types, respectively (p-value = 4.1 × e-21, Table 2).

Table 2. Days to flowering across altitudes (m a.s.l.) for common bean (P. vulgaris L.) var. Liborino
accessions selected from adaptation trials. Accessions are sorted by average flowering time (FT).
Tukey and Welch one-way tests were carried out within elevation using the R-package emmeans, as
marked in the superscripts.

Accession Growth Habit FT at 1100 m FT at 1400 m FT at 2100 m

G50834 Climbing 55.3 ± 0.6 a 67.3 ± 2.1 a 74.3 ± 1.2 a

G50840 Climbing 50.3 ± 6.0 a 67.7 ± 1.6 a 72.0 ± 1.7 a

G50840B Climbing 55.3 ± 1.2 a 68.7 ± 0.6 a 74.3 ± 2.1 a

G51018 Climbing 54.3 ± 1.6 a 68.3 ± 1.6 a 5.0 ± 1.0 a

G51433 Climbing 54.0 ± 1.7 a 68.7 ± 1.6 a 75.3 ± 0.6 a

G916 Bush 34.7 ± 0.6 b 36.0 ± 1.0 b 51.3 ± 2.3 b

G4547 Bush 35.7 ± 1.2 b 35.7 ± 0.6 b 50.7 ± 1.2 b

G8152 Bush 35.0 ± 1.0 b 36.7 ± 0.6 b 53.3 ± 3.1 b

G14172 Bush 35.7 ± 0.6 b 35.3 ± 0.6 b 52.7 ± 3.2 b

Accessions took more days to flower at 2100 m a.s.l. (64.3± 11.4), followed by Liborina
localities at 1400 m a.s.l. (53.8 ± 16.4) and 1100 m a.s.l. (45.6 ± 9.7, p-value = 2.6 × e-07,
Figure 2). Days to harvest also followed this phenological progression (Figure S2). Yield
components were also variable for growth habits across altitudes at the same yield trials.
Specifically, total number of pods was higher in climbing bean accessions than in bush types
(15.7 ± 6.4 vs. 10.8 ± 4.2 for climbers and bush types, respectively, p-value = 1.8 × e-04).
Overall, plants set more pods in AGROSAVIA’s La Selva research station at 2100 m a.s.l.
(19.3± 5.3), followed by the trials in the two localities in Liborina at 1400 m a.s.l. (11.4 ± 1.7)
and 1100 m a.s.l. (8.7 ± 3.6, p-value = 5.4 × e-10).
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Figure 2. Days to flowering at the yield trials between growth habits across altitudes for nine locally
adapted accessions of common bean (P. vulgaris L.) var. Liborino during the second year of trials
(April–September 2022). Altitudes are depicted as follows: (A) 1100, (B) 1400, and (C) 2100 m a.s.l.
Colors of the dots indicate contrasting growth habits (grey for bush type and orange for climbers).
Squared and rounded shapes mark boxplots and violin distributions, respectively. Selected accessions
from the adaptation trials were considered in triplicate at the yield trials. Subfigure’s title depicts
Welch’s t-test given imbalance in the number of individuals and non-homogeneous variance.

Besides variable yield components (Table 3), similar patterns to those for number of
pods (Figure 3A–C) were found for average number of seeds per pod. Specifically, climbing
bean accessions on average had more seeds per pod than bush types (6.0 ± 0.90 vs. 4.6
± 0.6 for climbers and bush types, respectively, p-value = 3.6 × e-11, Figure 3D–F). On
average, pods had more seeds in AGROSAVIA’s La Selva research station at 2100 m a.s.l.
(5.6 ± 0.8), followed by the trials in the two localities in Liborina at 1400 m a.s.l. (5.7 ± 1.1)
and 1100 m a.s.l. (4.7 ± 0.9, p-value = 4.5 × e-04). However, no significant differences were
found for average extrapolated yield between climbing bean accessions and bush types
(957.6 ± 601.6 kg ha−1 vs. 788.1 ± 337.1 kg ha−1 for climbers and bush types, respectively,
p-value = 0.13, Table 3, Figure 3G–I). We only found significant differences between climbing
bean accessions and bush types in AGROSAVIA’s La Selva research station at 2100 m a.s.l.
(p-value = 0.01, Figure 3I).

Table 3. Extrapolated yield (kg ha−1) across altitudes (m a.s.l.) for each accession of common bean
(P. vulgaris L.) var. Liborino selected from adaptation trials. Accessions sorted by average yield. Tukey
and Welch one-way tests were carried out within each elevation using the R-package emmeans, as marked
in the superscripts. Differences between growth habits are reported in Figure 3. NA: not available.

Accession Growth Habit Yield at 1100 m Yield at 1400 m Yield at 2100 m

G51433 Climbing 521.0 ± 13.3 a 846.1 ± 275.7 a 1710.0 ± 471.2 a

G50840 Climbing 439.9 ± 24.2 a 670.7 ± 258.6 a 1429.8 ± 256.5 a

G50834 Climbing 428.8 ± 4.2 a 837.9 ± 473.4 a 1596.2 ± 1032.9 a

G51018 Climbing NA NA 1720.0 ± 588.4 a

G50840B Climbing 418.3 ± 3.0 a 566.8 ± 223.9 a 1264.1 ± 118.5 a

G4547 Bush 629.3 ± 262.6 a 874.3 ± 307.0 a 1093.4 ± 192.2 a

G916 Bush 555.2 ± 174.2 a 726.6 ± 257.6 a 1105.3 ± 333.2 a

G8152 Bush 411.7 ± 57.7 a 852.3 ± 103.5 a 1169.4 ± 228.4 a

G14172 Bush 362.1 ± 74.9 a 552.3 ± 337.1 a 1126.2 ± 192.2 a
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Figure 3. Yield components between growth habits across altitudes for each locally adapted ac-
cession of common bean (P. vulgaris L.) var. Liborino. Yield components were as follows: (A–C)
number of pods, (D–F) average number of seeds per pod, and (G–I) average extrapolated yield.
Altitudes are depicted as follows: (A,D,G) 1100, (B,E,H) 1400, and (C,F,I) 2100 m a.s.l. Colors of the
dots indicate contrasting growth habits (grey for bush type and orange for climbers). Squared and
rounded shapes mark boxplots and violin distributions, respectively. Selected accessions from the
adaptation trials were considered in triplicate at the yield trials. Eight of nine accessions reached
harvest across altitudes. Each subfigure’s title depicts Welch’s t-test, which is a parametric ap-
proach to compare combinations of groups when there is an imbalance in the number of individuals
and homogeneity of variance cannot be assumed. When comparing yield across localities, av-
erage extrapolated yield was higher in AGROSAVIA’s La Selva research station at 2100 m a.s.l.
(1357.2 ± 459.4 kg ha−1), followed by the trials in Liborina at 1400 m a.s.l. (740.9 ± 277.4 kg ha−1)
and 1100 m a.s.l. (470.8 ± 129.3 kg ha−1, p-value = 1.1 × e−11, Table 3).

Finally, as a combined measure of all yield components per genotype, climbing beans
displayed average extrapolated yield ranging from 418.3 ± 3.0 kg ha−1 for G50840B at
1100 m a.s.l. to 1720.0 ± 588.4 kg ha−1 for G51018 at 2100 m a.s.l. Meanwhile, bush beans
exhibited average extrapolated yield ranging from 362.1 ± 74.9 kg ha−1 for G14172 at
1400 m a.s.l. to 1169.4 ± 228.4 kg ha−1 for G8152 at 2100 m a.s.l. In terms of genotypes’
ranking, average extrapolated yield was significantly higher for G4547 at 1100 m a.s.l.,
G50834 at 1400 m a.s.l., and G50834 at 2100 m a.s.l.

3.3. Participatory Breeding Evaluation

With a participatory approach, Liborino’s farmers were involved in the assessment
of the bean accessions following the adaptation trials in the first year. Farmers evaluated
grain traits from two localities and compared them with the commercial genotype under
multiplication. Among the climbing common bean var. Liborino genotypes tested in the
yield trials, three accessions (G51433, G51018, and G50840B) fulfilled farmers’ expectations
in terms of seed coat color pattern and shape (Figure 4).



Agronomy 2022, 12, 2285 9 of 13Agronomy 2022, 12, x FOR PEER REVIEW 9 of 13 
 

 

 
Figure 4. Farmers’ preference (G50840B, left) in terms of seed coat color and rounded-squared seed 
shape from all accessions taken to yield trials, matching expectations of the commercial Liborino 
type (right). Squared shapes are likely a byproduct of dense seed packing within pods [22]. 

Finally, five kilograms of seed of common bean var. Liborino led to 253.5 kg of seed 
crop production with desirable quality. Optimum quality was assessed based on genetic 
factors (families with desired growth habit and flower color), abiotic resistance (visual 
inspection to assess symptoms for seed borne and virus diseases), and physiology (dry 
seed weight within ± 1g of the standard deviation, seed humidity < 14%, and >80% ger-
mination rate). Seed was delivered in February 2022 to 39 farmers, each receiving 6.5 kg 
of uniform seeds with the target quality described. Farmers were asked to use the same 
criteria (single-seed descendant monitoring) to maintain seed integrity in the long-term. 

4. Discussion 
Our trials reveal maximum average extrapolated yields up to 1169.4 ± 228.4 kg ha−1 

for the bush types (G8152) and up to 1720.0 ± 588.4 kg ha−1 for the climbers (G51018), both 
at 2100 m a.s.l. A total of three climbing accessions matched farmers’ expectations for 
seed coat color and shape, leading to 253.5 kg of seed delivery in 2022. 

An unanticipated variation within the common bean var. Liborino genepool is the 
bush type, a growth habit lost in situ and only kept at the genebank. Farmers had histor-
ically reported climbing indeterminate growth habit for var. Liborino. However, the 
more precocious bush Liborino may prove appealing in regions with prolonged periods 
of drought [27,28], such as those found at the bottom of the Cauca river canyon. 

Fewer days to flowering and shorter growing cycles (ca. four months) may equally 
enable three production cycles of bush Liborino beans per year, as compared to the two 
traditional annual cycles of the climbing beans. More crops per year may ultimately 
compensate the fewer number of pods and lower total yield of the bush type, and can 
avoid limited drought periods and other stresses increasingly influenced by climate 
change. Another benefit of the bush growth habit is that it does not require tutoring, re-
ducing the production costs, and allowing for more efficient intercropping. Leveraging 
bush type Liborino cultivars would require quantifying in more detail its market annual 
worth, as well as the consumer’s acceptability in the light of its narrower seed shape. 
After all, bush types did not match the seed shape of the commercial standard, likely 
because the shorter growing cycle limited the filling of the grains. Squared shapes have 
been attributed to denser seed packing within pods [22]. Seed coat color also tended to be 
more stable in the selected climbing accessions, despite naturally high levels of segrega-
tion in the pool of 44 accessions likely due to the landrace nature of the genotypes. 

Figure 4. Farmers’ preference (G50840B, left) in terms of seed coat color and rounded-squared seed
shape from all accessions taken to yield trials, matching expectations of the commercial Liborino type
(right). Squared shapes are likely a byproduct of dense seed packing within pods [22].

Finally, five kilograms of seed of common bean var. Liborino led to 253.5 kg of seed
crop production with desirable quality. Optimum quality was assessed based on genetic
factors (families with desired growth habit and flower color), abiotic resistance (visual
inspection to assess symptoms for seed borne and virus diseases), and physiology (dry seed
weight within ± 1g of the standard deviation, seed humidity < 14%, and >80% germination
rate). Seed was delivered in February 2022 to 39 farmers, each receiving 6.5 kg of uniform
seeds with the target quality described. Farmers were asked to use the same criteria
(single-seed descendant monitoring) to maintain seed integrity in the long-term.

4. Discussion

Our trials reveal maximum average extrapolated yields up to 1169.4 ± 228.4 kg ha−1

for the bush types (G8152) and up to 1720.0 ± 588.4 kg ha−1 for the climbers (G51018), both
at 2100 m a.s.l. A total of three climbing accessions matched farmers’ expectations for seed
coat color and shape, leading to 253.5 kg of seed delivery in 2022.

An unanticipated variation within the common bean var. Liborino genepool is the bush
type, a growth habit lost in situ and only kept at the genebank. Farmers had historically
reported climbing indeterminate growth habit for var. Liborino. However, the more
precocious bush Liborino may prove appealing in regions with prolonged periods of
drought [27,28], such as those found at the bottom of the Cauca river canyon.

Fewer days to flowering and shorter growing cycles (ca. four months) may equally
enable three production cycles of bush Liborino beans per year, as compared to the two
traditional annual cycles of the climbing beans. More crops per year may ultimately
compensate the fewer number of pods and lower total yield of the bush type, and can
avoid limited drought periods and other stresses increasingly influenced by climate change.
Another benefit of the bush growth habit is that it does not require tutoring, reducing the
production costs, and allowing for more efficient intercropping. Leveraging bush type
Liborino cultivars would require quantifying in more detail its market annual worth, as
well as the consumer’s acceptability in the light of its narrower seed shape. After all, bush
types did not match the seed shape of the commercial standard, likely because the shorter
growing cycle limited the filling of the grains. Squared shapes have been attributed to
denser seed packing within pods [22]. Seed coat color also tended to be more stable in the
selected climbing accessions, despite naturally high levels of segregation in the pool of
44 accessions likely due to the landrace nature of the genotypes.
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In general, screening agronomic yellow bean diversity, including Liborino’s, is a key
step to unleashing innovative pre-breeding quality attributes beyond yield components.
For instance, yellow beans’ low contents of tannins, insoluble dietary fiber, and indigestible
proteins [14], may decrease flatulence and ease digestibility in novel consumer markets
unaccustomed to daily bean ingestion. Similarly, the fast cooking time of yellow beans
may offer an advantage in areas where cooking fuel is an expensive or inaccessible com-
modity [13]. Lower concentrations of polyphenolic compounds in yellow seed coat color
beans [15] may even facilitate iron bioavailability [16] and biofortification of undernour-
ished communities. This way, plant breeding tends from a yield-centered perspective [29]
into diversified [30], adaptive [31,32], and quality [33,34] targets.

Meanwhile, genetic quality assurance during seed multiplication ensures high quality
common bean seeds are delivered to farmers. This adds to recent efforts to characterize
and disseminate local agrobiodiversity [35,36]. A research-industry consortium held in
2016–2018 by a local NGO (HTM, Medellín), Instituto von Humboldt (Bogota, Colombia)
and EPM (the main energy service company in Colombia) identified Liborino common
bean as a sustainable economic alternative for growers in the territory impacted by the
Hidroituango Hydroelectric dam [25], the largest in South America [37]. In this isolated
region of the Cauca river canyon, illegal mining [24], civil conflict and illicit crops [23]
had only been partially hampered thanks to the recent “Agreement to End the Conflict
and Build Peace” in Colombia [38]. However, socio-economic instability is still high in the
territory, and relapse of illegal mining and crops is likely to happen [24].

Effective utilization of agrobiodiversity [39], including Liborino bean, should as well
harness parallel creative strategies to improve its impact. In addition, the transfer of
technology focused on the production of quality seed as a process integrated into plant
breeding programs contributes to the conservation and use of cultivars by farmers. Short-
term knowledge and technology transfer to farmers, technicians and local institutional
leaders, would also help guarantee long-term sustainable domestic seed production, a major
bottleneck in the supply chain to ensure seed quality [26]. In the middle term, Liborino
bean may be susceptible to Geographical Indications such as a “Collective Trademark” or
an “Appellation of Origin”, encouraging its marketability [40].

Our work further encourages the implementation of next-generation genomic tools to
accelerate the screening of promising genotypes of Liborino yellow beans. As a result, it
will reduce the time needed for adapted elite varieties to reach the farmers, contributing
to the food and nutritional security [41] of the local population in the Cauca river canyon,
while stabilizing the so far segregating seed coat color pattern within some accessions. In
parallel, next-generation genetic tools and molecular breeding [42] should be merged with
local expertise on participatory plant breeding and seed multiplication [43].

This inter-disciplinary pipeline will serve boosting research capacity in the region, so
that new knowledge, genotypes and practices are successfully uptake, maintained and
scaled [44]. Long term partnerships with NGOs and municipal technology transfer offices
will enable efficient delivery of promising adapted Liborino bean genotypes to farmer
communities, and an effective tracing of their adoption [45] and impact [46].

We envision these various actors converging across the middle Cauca river territory
in order to concert initiatives that contribute generating within five to ten years a positive
impact on the most marginalized communities such as victims of the conflict, displaced
families and undernourished native communities [38], all of which are currently being
affected by the construction of the Hidroituango Hydroelectric dam [25]. Improved genetic
resources such as Liborino yellow bean will ultimately stimulate food security [41] and the
economical maturity of these rural communities, as part of a broader Colombian bioecon-
omy strategy [47] to assess, conserve and utilize crop and wild [47,48] agrobiodiversity in
the service of (1) exotic parental section [49] for interspecific hybridization schemes [50,51],
(2) conservation of local [52] environmental adaptation [53], allelic and haplotype diver-
sity [54] and broad climate change thermal responses [55], and (3) sustainable agricultural
development [56].
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5. Conclusions

This work has ensured seed quality for common bean var. Liborino, a yellow Andean
common bean known for its apparent high digestibility and adaptation to the local conditions
in the northwest Andes of Colombia, yet eroded after decades of suboptimal propagation.
After six field trials for adaptation and yield performance, in parallel to seed uniformity and
multiplication protocols started in 2020, average extrapolated yields ranged up to 1169.4 ±
228.4 kg ha−1 for the bush types (G8152) and up to 1720.0± 588.4 kg ha−1 for the climbers
(G51018), both at 2100 m a.s.l. A total of 253.5 kg of uniform seeds were delivered to 39 farmers
in 2022, matching farmers’ expectations for seed coat color and shape. This vertically integrated
breeding strategy is expected to boost Liborino commercialization, positively impacting the
sustainable economic development of the rural communities in the Cauca river canyon. The
seed multiplication pipeline standardized for Liborino bean could as well be extended to other
promising bean landraces conserved in situ at isolated pockets of cryptic diversity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12102285/s1, Figure S1: seed coat color patterns across
the 44 tested accessions of Liborino common bean (Phaseolus vulgaris L.), G identifiers follow CIAT’s
genebank; Figure S2: days to harvest at the yield trials across altitudes for each locally adapted
accession of Liborino bean. Selected accessions from the adaptation trials were considered in the
yield trials. Differentially filled bars mark contrasting growth habits; Table S1: Passport data of 44
Liborino type common beans (Phaseolus vulgaris L.) used in this study with data presented based
on the International Center for Tropical Agriculture (CIAT-Bioversity) genetic resources unit (data
downloaded on 11 May 2022).

Author Contributions: Conceptualization, D.P., C.I.M., M.W.B., J.J.D.V. and A.J.C.; design and survey
of field trials, D.P., P.A.A., M.M. and M.G.; data curation and formal analysis, D.P., P.A.A., M.M.,
F.L.-H. and K.D.-J.; original draft preparation, D.P. and A.J.C.; review and editing, P.A.A., M.M., M.G.,
F.L.-H., E.B.-E., K.D.-J., C.I.M., M.W.B. and J.J.D.V.; supervision, D.P., M.W.B., J.J.D.V. and A.J.C.;
project administration, E.B.-E., J.J.D.V. and A.J.C.; funding acquisition, D.P., M.W.B., J.J.D.V. and A.J.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the British Council throughout the 2019 Newton Fund
Institutional Links binational Bioeconomy grant ID 527023146 awarded to A.J.C. as PI in Colombia
(AGROSAVIA), and J.J.D.V. as PI in UK (Earlham Institute). APC was funded by the same project.

Data Availability Statement: Supporting data can be found is the Supplementary Materials.

Acknowledgments: We are very much in debt with the farmers that contributed to the field trials
reported in this study, specifically H. Roldán and M. Lopera. We also appreciate field support given
by C. Domínguez-Pulgarín and M. Latorre at AGROSAVIA’s La Selva research station. I. Fromm, A.Y.
Gómez-García, and C. Philippoteaux are thanked for discussions on the common bean market chain
in the province of Antioquia, and the potential of Geographical Indication for Liborino common
bean. I. Cerón-Souza, M. Duque, and J.C. Martínez-Medrano are recognized for suggesting strategies
to promote Liborino’s in situ conservation. Insightful conversations on common bean physiology
with J. Ricaurte, J. Soto, and M. Urban are highly appreciated, too. J.F. Cuestas, L.D. Echavarría,
A.M. Escobar-Aguirre, J.P. López-Patiño, N.A. Mora, E.S. Rodríguez, and J.M. Rojas are deeply
acknowledged for administrative support. CIAT-Bioversity Genetic Resource Unit and L.G. Santos
are thanked for providing seed material of all 44 accessions. The commercial sample was collected
under Permiso Marco 1466-2014 of AGROSAVIA.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Welch, R.M.; Graham, R.D. Breeding for micronutrients in staple food crops from a human nutrition perspective. J. Exp. Bot. 2004,

55, 353–364. [CrossRef]
2. Broughton, W.J.; Hernandez, G.; Blair, M.; Beebe, S.; Gepts, P.; Vanderleyden, J. Beans (Phaseolus spp.)—Model food legumes.

Plant Soil 2003, 252, 55–128. [CrossRef]
3. Pironon, S.; Borrell, J.S.; Ondo, I.; Douglas, R.; Phillips, C.; Khoury, C.K.; Kantar, M.B.; Fumia, N.; Soto Gomez, M.; Viruel, J.; et al.

Toward Unifying Global Hotspots of Wild and Domesticated Biodiversity. Plants 2020, 9, 1128. [CrossRef]

https://www.mdpi.com/article/10.3390/agronomy12102285/s1
https://www.mdpi.com/article/10.3390/agronomy12102285/s1
http://doi.org/10.1093/jxb/erh064
http://doi.org/10.1023/A:1024146710611
http://doi.org/10.3390/plants9091128


Agronomy 2022, 12, 2285 12 of 13

4. Rendon-Anaya, M.; Montero-Vargas, J.M.; Saburido-Alvarez, S.; Vlasova, A.; Capella-Gutierrez, S.; Ordaz-Ortiz, J.J.; Aguilar,
O.M.; Vianello-Brondani, R.P.; Santalla, M.; Delaye, L.; et al. Genomic history of the origin and domestication of common bean
unveils its closest sister species. Genome Biol. 2017, 18, 60.

5. Blair, M.W.; Soler, A.; Cortés, A.J. Diversification and Population Structure in Common Beans (Phaseolus vulgaris L.). PLoS ONE
2012, 7, e49488. [CrossRef]

6. Cortés, A.J. On the Origin of the Common Bean (Phaseolus vulgaris L.). Am. J. Plant Sci. 2013, 4, 1998–2000. [CrossRef]
7. Kwak, M.; Gepts, P. Structure of genetic diversity in the two major gene pools of common bean (Phaseolus vulgaris L., Fabaceae).

Theor. Appl. Genet. 2009, 118, 979–992. [CrossRef] [PubMed]
8. Bitocchi, E.; Nanni, L.; Bellucci, E.; Rossi, M.; Giardini, A.; Zeuli, P.S.; Logozzo, G.; Stougaard, J.; McClean, P.; Attene, G.; et al.

Mesoamerican origin of the common bean (Phaseolus vulgaris L.) is revealed by sequence data. Proc. Natl. Acad. Sci. USA 2012,
109, E788–E796. [CrossRef]

9. Gepts, P.; Debouck, D. Origin, domestication and evolution of the common bean (Phaseolus vulgaris L.). In Common Beans: Research
for Crop Improvement; Van Shoonhoven, A., Voysest, O., Eds.; Wallingford, Commonwealth Agricultural Bureau International:
Cali, Colombia, 1991; pp. 7–53.

10. Schmutz, J.; McClean, P.E.; Mamidi, S.; Wu, G.A.; Cannon, S.B.; Grimwood, J.; Jenkins, J.; Shu, S.; Song, Q.; Chavarro, C.; et al. A
reference genome for common bean and genome-wide analysis of dual domestications. Nat. Genet. 2014, 46, 707–713. [CrossRef]

11. Blair, M.W.; Diaz, J.M.; Hidalgo, R.; Diaz, L.M.; Duque, M.C. Microsatellite characterization of Andean races of common bean
(Phaseolus vulgaris L.). Theor. Appl. Genet. 2007, 116, 29–43. [CrossRef]

12. Diaz, L.M.; Blair, M.W. Race structure within the Mesoamerican gene pool of common bean (Phaseolus vulgaris L.) as determined
by microsatellite markers. Theor. Appl. Genet. 2006, 114, 143–154. [CrossRef]

13. Sadohara, R.; Izquierdo, P.; Alves, F.C.; Porch, T. The Phaseolus vulgaris L. Yellow Bean Collection: Genetic diversity and
characterization for cooking time. Genet. Resour. Crop Evol. 2022, 69, 1627–1648. [CrossRef]

14. Diaz, A.M.; Caldas, G.V.; Blair, M.W. Concentrations of condensed tannins and anthocyanins in common bean seed coats. Food
Res. Int. 2010, 43, 595–601. [CrossRef]

15. Caldas, G.V.; Blair, M.W. Inheritance of seed condensed tannins and their relationship with seed-coat color and pattern genes in
common bean (Phaseolus vulgaris L.). Theor. Appl. Genet. 2009, 119, 131–142. [CrossRef]

16. Sadohara, R.; Long, Y.; Izquierdo, P.; Urrea, C.A.; Morris, D.; Cichy, K. Seed coat color genetics and genotype × environment
effects in yellow beans via machine-learning and genome-wide association. Plant Genome 2021, 15, e20173. [CrossRef]

17. Islam, F.M.A.; Rengifo, J.; Redden, R.J.; Basford, K.E.; Beebe, S.E. Association between seed coat polyphenolics (tannins) and
disease resistance in common bean. Plant Foods Hum. Nutr. 2003, 58, 285–297. [CrossRef] [PubMed]

18. Parsons, J.J. Antioqueño Colonization in Western Colombia; University of California Press: Berkeley, CA, USA, 1949.
19. Myers, J.R.; Formiga, A.K.; Janick, J. Iconography of Beans and Related Legumes Following the Columbian Exchange. Front.

Plant Sci. 2022, 13, 851029. [CrossRef]
20. López-Hernández, F.; Cortés, A.J. Last-Generation Genome–Environment Associations Reveal the Genetic Basis of Heat Tolerance

in Common Bean (Phaseolus vulgaris L.). Front. Genet. 2019, 10, 22. [CrossRef]
21. Diaz, L.M.; Buendia, H.F.; Duque, M.C.; Blair, M.W. Genetic diversity of Colombian landraces of common bean as detected

through the use of silver-stained and fluorescently labelled microsatellites. Plant Genet. Resour. Charact. Util. 2011, 9, 86–96.
[CrossRef]

22. Trujillo, H.C.; Contreras, J.L.; Morales, P.A.G.; Gómez, A.B.; Marín, R.G. Desarrollo Económico Local en Ámbitos Territoriales Rurales:
El Caso de la Zona Liborina—Sabanalarga, Antioquia, Colombia; Borradores Departamento de Economía: Medellín, Colombia, 2017.
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