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Abstract: Protected geographical indications (PGIs) share health problems related to plant propa-
gation material. The PGI “Faba de Lourenza” encompasses a 1660 km? area in northern Galicia,
Spain, renowned for its “Faba Galaica” (FG) and Faba do marisco” (FM) bean cultivars. The lack of
certified virus-free seeds poses a challenge. From 2019 to 2023, seeds from 60 lots were tested for
BCMV. Plants from several plots were tested periodically to develop disease progress curves (DPCs).
Control methods (plots out PGI zone, virus-free seedlings, rogueing, corn borders, and intercropping)
were tested. Yields in five plots were used to assess BCMV’s economic impact. Seed lots were 22.3%
FG-infected and <5% FM-infected. The transmission rate of BCMV from infected FG plants to their
seeds was 25.5 & 5%, while for FM it was 12 & 3%. FG yield losses were on average 31.6 £ 4.5%.
Combining virus-free seedlings and infected plant removal in plots outside the PGI area proved
effective at reducing infection rates; combining with intercropping resulted in the lowest incidence in
an FG plot. Farmer training and off-site plot selection to produce healthy sowing beans are key to
improving results.

Keywords: Phaseolus; PGI; ELISA; virus-free seeds; disease progress curves (DPCs); intercropping

1. Introduction

The germplasm of the common beans, Phaseolus vulgaris L. (Fabaceae family), brought
to Europe after the XV century from different areas of South America, has evolved and
adapted to new environments. The occasional crosses and the strong selection for consumer
preferences in terms of bean types played an important role in the evolution of new genetic
variants of dry beans in Europe. New evolutions that were not present in the American
centres of origin appeared in Europe: the new germplasm came from recombination
between Mesoamerican ones and Andine genetic improvements, which were better adapted
to the conditions of diverse new agroecosystems [1].

In Spain, the North and Northwest of the Iberian Peninsula is the area where greater
genetic variability of legumes has been found [1] and where traditional farming systems
such as smallholdings and self-consumption agriculture are still maintained. The character-
istics of local cultivars grown in special locations are recognized by the EU as Protected
Geographical Indications (PGIs). In the North of Galicia (Spain), the area of A Marifia
(1660 km?) (Figure 1) was recognized in 2008 as the PGI “Faba de Lourenza” [2]. The
products protected are dried beans, which are separated from the pod of the local variety
known as “Faba Galaica” (FG) that belongs to the International commercial class (ICC)
‘Favada’ [3]; another traditional cultivar in the same area is “Faba do Marisco” (FM), a
different cultivar (also known as “verdina”) included in the ICC “flageolet” [4]. Researchers
from the “Consejo Superior de Investigaciones Cientificas” (CSIC) [3] developed a line
of improvement PMB-0382 “Faba Galaica” from the local variety PHA-0917, now in the
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Spanish register of commercial varieties. “Faba do Marisco” is also registered by CSIC
(2020/0103) [4].

c
.
:

Figure 1. Geographical area included in the PGI “Faba de Lourenza” in A Marifia, Galicia, Spain.

Cultivars within the PGIs have some qualitative characteristics that differentiate them
from other beans and that make them highly demanded by consumers. FG is known for
its exceptional culinary quality, due to its low proportion of skin (between 8 and 10%),
its high-water absorption capacity (greater than 100%), and its behaviour when cooked,
resulting, at the end of the process, in whole and complete grains in which the pastiness
of the pulp stands out, free from lumps and barely differentiated from the skin. The
plant has a climbing habit and indeterminate growth with long internodes [3]. FM seed
is small (0.3-0.4 g), with a pale green colour thanks to the harvest conducted at a certain
physiological stage; Its name in Galicia comes from the way it is cooked: a bean stew with
shellfish (“marisco”). The plant is a low-stalk variety and has determined growth [4].

Beans can be infected with various pathogens transmitted through seeds, primarily
viruses and bacteria. This complicates disease control in the field, especially for potyviruses,
which can also be transmitted horizontally by aphids, pollen, or via mechanical means.
Viruses transmission via seeds can occur through direct invasion of embryonic tissue,
and/or indirectly by infecting pollen grains or ovules, which lead to an infected embryo
after fertilization, resulting in an infected seed in a plant in which the virus is not de-
tected [5]. Potyviruses are a major concern for Phaseolus spp. [6]. The most common are bean
yellow mosaic virus (BYMV) and bean common mosaic, caused by two Potyvirus species:
Bean common mosaic virus (BCMV) and Bean common mosaic necrosis virus (BCMNV). The
difference between the two viruses is the phenotype generated in resistant cultivars. More
than 200 aphid species, mainly in the Aphidinae subfamily (particularly the Macrosiphum
and Myzus genera), can transmit potyviruses. In Spain, most potyviruses affecting beans
have been identified [7-9]. Since potyviruses are transmitted non-persistently by aphids,
epidemics can develop rapidly from even low seed-borne populations in areas where dry
beans are the dominant crop. Utilizing aphicides to control non-persistently transmitted
viruses like BCMYV is generally ineffective [10].

The average seed transmission rate of BCMV and BCMNYV from infected plants usually
ranges from 15% to 35% [5,11,12] but can vary widely (3-95%) depending on the viral strain
and bean variety [13]. This high seed transmission is a major cause of global BCMV
epidemics, as it serves as the primary virus source in the field [14]. BCMV can survive for
more than 30 years in seeds that keep their germination potential stored under suitable
conditions [14].

In susceptible bean genotypes, BCMV infection induces a wide variety of symptoms,
including mosaic, stunting, chlorosis, and leaf curling [15]. Mottling and malformation
of the first true leaves indicate that the initial infection occurs through the seed [16]. The
severity of these symptoms depends on various factors, including the viral strain, the bean
cultivar, and the plant’s age [17].
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BCMV can seriously affect the common bean’s yield or even cause total produc-
tion loss [18]; however reported yield losses due to BCMV and BCMNV vary between
6 and 98% [6,16], depending on the cultivar, the time of infection [19], and the virus
strain [20]. There are references to high losses due to potyvirus infections of aggressive
breeds [19,21,22], but even mild or symptomless infections can decrease crop yield by
50% [22]. For many cultivars all over the world, progress has been made in combating
BCMYV through breeding bean varieties possessing the I gene, a dominant gene conferring
resistance to most BCMYV strains [6]. Potyvirus-resistant varieties have been the preferred
control measure for extensive cultivation of green and dry beans because they are easier and
more economical than trying to prevent transmission of potyviruses in the field [14,23,24];
however, for landraces in PGIs, this is not a viable option.

Several strategies can help ensure a healthy crop, including using seeds with low
potyvirus levels and cultivating in highlands distant from major legume production areas.
Other effective methods for preventing potyvirus transmission include removing infected
or symptomatic plants (roughing), oil spraying [25], using straw or reflective mulches
to reduce the attraction of vectors [26], using barrier crops, or intercropping [27]. These
methods have been combined as an integrated strategy for effective protection against
potyvirus in potato, cucurbit, maize, and bean crops [28-30].

Accurate and early diagnosis of BCMV and other potyviruses in P. vulgaris tissues is
critical to be able to start with as low as possible levels of virus in the seed lots, to check
when the epidemic reaches its exponential phase, and to predict the final level in the seeds.
The potyvirus can spread easily, thus being able to detect it in asymptomatic plants is
crucial. However, the most sensitive molecular methods are out of the question because
they are too expensive and complex for routine testing of a high number of seedlings
or plants in the field [24]. Some serological methods are very useful for quick and easy
virus detection (Lateral flow tests, InmunoStrips®) but again, their price makes their use
impossible for high numbers of samples. Tissue printing assays have many advantages
for epidemiological studies and for checking planting material [31]: samples are easy to
obtain, deliver, and process; the use of commercial monoclonal and polyclonal antibodies
at low concentrations is very efficient; nitrocellulose membranes or different kinds of paper
are cheap support for assays; it uses common substances and standard buffers; the period
of incubation and development of purple colour in positive samples is short; it is possible
to check the tissue where a particular virus is detected; and it is possible to test groups of
seedlings/petioles in a single print.

In a preliminary analysis of growers’ FG seed lots in 2006 and 2014 in Lourenza (A
Marifa, Lugo, Spain), the prevalence of potyvirus was >95% [32]. Serological analysis
indicated that BCMV was the most widespread potyvirus, and the presence of BCMNV
was not detected. In addition to viruses, there could also be a high incidence of seeds
infected with bacteria that cause rot during germination or plant damage when conditions
are favourable, as was found in other local bean cultivars in the North of Spain [33].

Studying the epidemiology of potyvirus in these traditional cultivars, its seed trans-
mission rate and the associated yield losses would undoubtedly help growers—in this and
other similar PGIs—make informed decisions about the need for control measures and the
advantages of coordination to do it properly. Obtaining seeds with the lowest possible
levels of potyvirus could help delay the development of epidemics and reduce economic
losses.

2. Materials and Methods

Phaseolus vulgaris seed lots: A total of 43 lots of Faba Galaica (FG) and 14 lots of Faba
do Marisco (FM) bean seeds were obtained from various sources: the CSIC collections
(Consejo Superior de Investigaciones Cientificas), Cooperativa Terras da Marifia S.L., local
growers within the PGI, and small shops selling bulk seeds from local farmers outside the
PGI (Table 1).
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Table 1. Identification of the lots of bean seeds from different groups that were analysed in this study.

Origin Group Year #Lots Identification !
2014 1 C_G(1)
2017 1 C_G(?2)
CSIC I 2018 1 C_G@3)
2019 1 C_G#
2021 1 C_G (5
2018 2 CTM_G (1-2)
TERRAS DA MARINA 2019 6 CTM_G (3-8)
S.COOP.GALEGA I 2021 3 CTM_M (1-2.7)
(LOURENZA) 2022 4 CTM_M (3-6)
2022 19 CTM_G (9-27)
2019 3 AL_G (1-3)
2019 3 L_G(1-3)
2019 1 LuC_G (1)
. 2020 1 LG@#)
ALFC,ZZ f& LOURE.NZA I 2021 1 L G((5)
(out of cooperative) 2021 1 LG (6)
2021 1 LuC_G (2)
<2021 2 LuC_M (1-2)
2022 5 LuC_M (3-7)
Total # lots 57

I c, csIc (Consejo Superior de Investigacioes Cientificas); G, faba Galaica; CTM, Cooperativa Terras da Marifia;
M, faba do Marisco; AL, Alf6z; L, Lourenzd; LuC, Lugo, bulk sale in stores.

A total of 2040 seeds were randomly selected from each seed lot and germinated in
14 cm diameter petri dishes at 25 °C in the dark. Seed development was monitored daily
for signs of bacterial or fungal presence. Seed-borne viruses and bacteria were analysed
using either root or leaf tissue from the same plants.

Fields: Tables 2 and 3 show details of the commercial and experimental plots sampled.
While most plots were planted with cv. FG, several FM plots were included in the 2023
study. The plot code is as follows: first letter(s) for location (A, Alfoz; L, Lourenza; M,
Mondofiedo; SF, San Fiz; EI, plots in the USC (Campus Lugo), followed by the cultivar code
(G, faba Galaica and M faba do Marisco). Next, letters indicate virus transmission control
techniques (Mz, maize; B, border; I, Greenhouse). The last two numbers represent the year.
Seeds were sown in trays, and all plants were tested before planting to ensure they were
BCMV-free. In most cases, the experimental fields were planted with plantlets tested for
BCMV originating from the same batch of seeds (CG_5).

Some plots were analysed only once, at the end of the growing season (LG_20, LG21,
LM_23) while others were analysed on several dates to check the progress of the disease
incidence and draw Disease Progress Curves (DPCs).

Harvest: in plots AG1_20, AG2_20, LG_22, LGBMz_23, and RGI_23, the plants that
were sampled during the season were classified according to the date of virus detection. A
total of 10-30 plants per class were harvested and the number of pods, the weight of pods
before threshing, and the final dry weight of seeds were registered.

Virus transmission to seeds. Samples of seeds from the 7 fields where the incidence
of BCMV had been estimated at harvest (Table 2) were germinated in seedbed trays and
analysed (root, leaf, or both) to check the percentage of seeds with BCMV.

2020: From the AG1_20 and AG2_20 harvest, sixty seeds were analysed for BCMV
and Ps-Ph.

2021: From the LG_21 harvest, the field where all plants tested positive for BCMYV, two
samples of 200 and 156 seeds were analysed.

2022: From the LG_22 harvest, four replicates of 10 seeds taken randomly from lots on
each date of detection of infection were germinated in Petri dishes and analysed for BCMV,
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Ps-Ph, and Xa-Ph in roots. Leaves of potted plantlets that were negative for BCMV in roots
were tested again for BCMV.

2023: from the LGBMz_23 and RGI-23 harvest, more than 50 seeds taken randomly
from the plants on each date of detection of the infection were germinated in pots and
leaves analysed for BCMV. For FM, 1040 seeds from infected plants from EIM_23 and
SEM_23 were germinated separately and analysed for BCMV.

Table 2. Plots studied between 2020 and 2023 in several locations.

Study
Plot Year cv Location
DPC1 Harvest TTS?  One Test3
AG1_20 2020 FG Alfoz + + +
AG2_20 2020 FG Alfoz + + +
LG_20 2020 FG Lourenza - - - +
LG_21 2021 FG Lourenza - - + +
LG_22 2022 FG Lourenza + + +
LGBMz_23 2023 FG Lourenza + + +
MGI_22 2022 FG Mondonedo - - -
MGBMz_22 2022 FG Mondofiedo - - -
RGI_23 2023 FG Ribadeo + + +
EIG_22 2022 FG Lugo + - -
EIM_23 2023 FM Lugo + - -
SFM_23 2023 FM Lugo + - -
SFGMz_23 2023 FG Lugo + - -
LGMz1_23 2023 FG Lourenza - - - +
LGMz2_23 2023 FG Lourenza - - - +
LM_23 2023 M Lourenza - - - +

1 DPC: disease progress curve; 2 TTS, Transmission to seeds; 3 One test at the end of the season.

Table 3. Details on initial bean common mosaic virus incidence, sampling frequency, and number of
plants analysed on each sampling date in the plots described in Table 2.

Plot % BCMYV Seedlings Sampling Frequency Samples/Date
AG1_20 10% Same plants ! monthly 107
AG2_20 10% Same plants ! monthly 104

LG_20 nt 2 (>20%) Random at harvest >500
LG_21 nt (>20%) All plants in 2 lines at harvest 200
LG_22 nt Same plants 1 10 days 200 (300)
LGBMz_23 0 Random & same monthly 335
MGI_22 0 All plants 10 days 360
MGBMz_22 0 All plants 10 days 450
RGI_23 0 All plants 10 days 220
EIG_22 0 All plants 15 days 50
EIM_23 0 All plants 15-30 days 50
SFM_23 0 All plants 15-30 days 50
SFGMz_23 0 All plants 15-30 days 50
LGMz1_23 nt Random At harvest 75
LGMz2_23 nt Random At harvest 75
LM_23 nt Random At harvest 75
1 after most plants were infected, a new batch of plants was tested; 2 nt: not tested (% based on average seed
infection).

Virus and bacteria detection. All the analyses were conducted using direct immuno-
printing DIP-ELISA (Enzyme-linked Immunosorbent Assay), following the basic protocol
in [34,35], with some modifications/simplifications in sample printing, antibody dilutions
(Table 4), and buffers.
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Table 4. Optimized dilutions of commercial antibodies used in tissue printing ELISA.
Reactive Company Procedure Dilution Buffers
BCMV + AP Loewe® Biochemical Direct 1:800 BCB
GmbH,
BCMV — Ab Sauerlach, Germany Indirect 1:200 Carbonate buffer
. Bio-Rad Laboratories, . .

Anty-rabbit + AP S.A., Madrid, Spain Indirect 1:3000 BCB
Ps-ph + AP Aodial Direct 1:500 BCB
Xa-ph + AP Eglklfl‘ rt‘c' Direct 1:100 BCB
Ps-ph — Ab IN Ueg A/ Indirect 1:100 Carbonate buffer
Xa-ph — Ab ! Indirect 1:100 Carbonate buffer

Xa-ph: Xanthomonas axonopodis pv phaseoli; Ps-ph Pseudomonas syringae/savastanoi pv phaseolicola.

Several plant tissues were used for analysis: roots (collected a few days after ger-
mination), leaf petioles, or leaf blades. Roots and petioles were printed, and leaf blades
were gently squashed with skewers onto nitrocellulose membranes (0.45 um pore size)
from Sartorius (Goéttingen, Germany). The target pathogens were BCMV and the bacte-
ria Xanthomonas axonopodis pv. phaseoli (Xa-ph) and Pseudomonas syringae/savastanoi pv.
phaseolicola (Ps-ph).

After blocking the membranes with a 1.5-2% skim milk solution in distilled water for
one hour, two distinct detection procedures were employed:

Direct Procedure: Membranes were incubated with alkaline phosphatase (AP)-conjugated
antibodies specific to each pathogen (dilutions in Table 4) in conjugate buffer (BCB, Bioreba
AG, Reinach, Swizerland; ref. 110140/-42). Following washes with saline buffer (8.5% NaCl
+ 0.05% Tween 20) three times for 3-5 min each, the membranes were incubated with a
ready-to-use BCIP-NBT liquid substrate (Sigma-Aldrich, St. Louis, MO, USA, ref. B-1911)
for colour development.

Indirect Procedure: This method added an extra incubation step. Membranes were
first incubated with coating antibodies specific to each pathogen in carbonate buffer for
1.5 h or overnight at 4 °C. After washing, they were incubated with an anti-rabbit antibody
conjugated with AP (BIO-RAD, ref. 1706518) for 30 min. Washes and colour development
were performed as in the direct procedure.

A blue colour indicating a positive reaction typically developed within 15-30 min, but
sometimes later. The reaction was stopped under running tap water once positive controls
showed clear distinction.

Disease progress curves for BCMV epidemics: DPC were drawn as “days after first
analysis” (DAFA) and BCMYV incidence for the 9 plots indicated in Table 2. Analysis of the
DPCs was conducted using the EPIMODEL V3.4 software program, which fits temporal
disease progress data to five temporal population growth models that are commonly used
in the analysis of plant disease epidemics: monomolecular, exponential, logistic, Gompertz,
and linear models. This process involves examining disease progress and rate curves
and then, based on the shapes of these curves, choosing one or more models that are
likely to provide the best fit for the raw data. Transformed datasets are then graphed
and evaluated based on coefficients of determination (R?), mean square errors (MSE), and
standard deviations of parameter estimates [36,37].

Statistical analysis: Comparison of BCMYV levels in the seed lots (dependent variable)
from each zone/origin/plot/date of infection was conducted using analysis of variance
(ANOVA) according to a general linear model (GLM); data in percentage (in the range
0-30%) were transformed [/(X + 0.5)]. Comparisons of the data for yield/plant in each
plot were done using one-way ANOVA with the date of virus detection as the independent
variable and yield /plant as the dependent variable. Tukey’s b test with p < 0.05 significance
level was used to separate the means of different treatments after ANOVA. To compare data
(in percentage) from different seed lots and transmission to seeds, x? tests were performed.
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3. Results
3.1. BCMYV and Bacteria in Seed Lots

The prevalence of BCMV was >95% in the sampled lots of FG, with only 2 out of
43 seed lots being negative. The percentage of positive seeds in each lot was quite variable
(0-70%) and on average (+£se), the incidence was 22.3 & 2.6%, which was not significantly
different for lots in the three groups (F: 0.155; p: 0.86 > 0.05) (Figure 2). The germination of
lots of FG <5 years old was almost as good as fresh (more than 90%) and bacterial rot was a
rare event; older seeds kept quite good germination levels if stored at 4-5 °C.

30 -

25 A

20 A

15 4

10 4

Incidence BCMV %

0 1 B

| Il ] FG M

FG mFM

Figure 2. Average incidence of bean common mosaic virus (percentage =+ se) in the lots with the
three groups of Faba Galaica (FG) and two groups of Faba do Marisco (FM); (I, CSIC; II, Cooperative
Terras da Marifia; III: PGI but out of Cooperative). Columns with black borders are the mean values
of incidence for the two bean varieties, with different letters for significant differences after one-way
ANOVA (F =11.57; p = 0.01).

FM seed lots showed very poor or no germination when they were not from the last
harvest. Most ungerminated seeds exhibited typical bacterial soft rot, with oozing observed.
Additionally, both Ps-ph and Xa-ph were detected by tissue printing ELISA in these older
seeds. BCMV was not detected in either the roots or leaves of six of the ten fresh FM seed
lots. The average BCMYV incidence in the remaining lots was less than 5% (Figure 2).

BCMYV incidence in FG (22%) was significantly higher than in FM (3.2%) (Figure 2).

The prevalence of Ps-ph and Xa-ph in seed lots was 61.1% and 78.9%. However, the
proportion of infected seeds within each lot with at least one positive seed was generally low.
The average contamination rates were similar for both bacteria, with 9.2% for Xa-ph and
8.8% for Ps-ph. It is important to note that both these values had high standard deviations.
Many seeds that tested positive for bacteria failed to complete germination, rotting shortly
after radicle emergence. Interestingly, seeds infected with Ps-ph were frequently co-infected
with Xa-ph.

3.2. Transmission of BCMV to Seeds

In plots AG1_20 and AG2_20, the seeds from harvest classified according to the date
of detection of infection had BCMYV levels of between 23 and 45%. In AG_1, there were
significant differences between the only two dates of detection of BCMV in mother plants
(x*> =5.2>3.84, p < 0.05, df = 1). No significant differences (x> = 4.3 < 7.81, p < 0.05, df = 3)
or trends were observed in BCMV levels in AG_2 based on the date of detection of infection
(Figure 3).
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BCMV %

Figure 3. Percentage of transmission of bean common mosaic virus to bean seeds based on the date
of detection of infection in mother bean plants in plots AG1_20 and AG2_20. Different letters indicate
significant differences based on x? tests for each plot.

Seeds from BCMV from the plot of FG tested at harvest in 2021 (LG_21) were
25.5 + 5% infected. The transmission of BCMV to seeds in the harvest from LG_22 showed
a slight trend towards a higher percentage of infection when transmission occurred at later
dates (Figure 4), but the differences between dates were not significant based on x? test
(x* = 12.54 < 14.06; p = 0.05; df: 7). The average transmission was 28.4 4 3.2%.

50 1

30 A

BCMV%

20 A

10 -

27Jun 11ul 19Jul 29Jul 9Aug 21Aug 10Sep 20Sep Mean
Date of infection of mother plants

Figure 4. Percentage of transmission of bean common mosaic virus to seeds based on the date of
detection of infection of bean plants in plot LG_22. There were no significant differences between
dates of infection based on the x? test.

In 2023, significant differences in seed transmission were observed between the two
plots: LGBMz_23, surrounded by corn, and RGI_23, grown under protected cultivation
(Figure 5) (F: 41.97, p = 0.003, df: 1). Seeds from LGBMz_23 had a higher proportion of
infected seeds compared to those harvested from plants infected early in the season, but
the chi-square test revealed no significant differences in infection rates among dates of
detection of infection (x2 =4.44 <599, p =0.05, df = 2). The average BCMV transmis-
sion rate in LGBMz_23 seeds was 26.1%. BCMV levels in seeds from greenhouse plants
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were very low (2.5%), and no significant differences were detected across infection dates
(x2 =0.73<5.99, p = 0.05, df = 2). Since all BCMV-positive plants were removed within the
first month, there are no data from plants infected for longer periods in the greenhouse.

45 -

40 A

35 A

30 A
P ] a
> 25
3 20
g i

15 4

10 4

5 b

0

7 24 37 44 101 112 RGI LGBMz

Days from detection of infection in mother plants

RGI 23 ®LGBMz 23

Figure 5. Percentage of transmission of bean common mosaic virus to bean seeds based on the
elapsed time between the date of detection of infection of bean plants by BCMV and the harvest in
LGBMz_23 and RGI_23. Columns with black borders are the mean incidence for the two 2023 plots;
different letters indicate significant differences.

The prevalence of BCMYV in seeds harvested from plants of FM in EIM_23 and SFM_23
at harvest was 76% (Figure 6). However, only seeds from two plants (one from each plot)
had high levels (>40%) of BCMV detected in the radicle sample. The overall transmission of
BCMV to seeds was 12.2 &= 3%. There were no significant differences between the two plots.

45 -

40 - —

335

w

B 30 -

&

Q 25 -

c
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o
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C 10

'_

3l il ool

o [
< O O N MM & N~ O NHm F O~ N O F O o c
ﬁHNNMEEHﬁHﬁHNNNNgw
= = =3=232:Z:Z32z22:22:2z222323z22%¢88¢
e I S S S S S S S

Plant code

Figure 6. Percentage of transmission of bean common mosaic virus to bean seeds harvested from FM
plants in EIM_23 and SFM_23; mean percentage of transmission in the two plots.

3.3. Harvest

Three out of five plots did not show significant differences in harvest weight based on
the date of detection of infection. However, a trend towards higher yields was observed in
plants infected at the end of the season and in plants testing negative for BCMV at harvest
(Figure 7).
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Date of detection of BCMV 1622
Figure 7. Harvest based on the date of detection of infection by bean common mosaic virus in bean
plants in AG1_20, AG2_20, RGI_23, LGBmZ_23, and LG_22. The dry weights of seeds are shown in
g/plant £se when p > 0.05; the different letters represent significant differences based on the Tukey”
b test, with p < 0.05.

In plots where significant differences were observed, they were typically between
plants infected earliest and those infected later or not infected at all. The largest yield
differences were observed in LG_22, reaching up to 50%, followed by LGBMz_23, with a
maximum difference of 24%.

Similar trends were observed for fresh weight, number of pods per plant, and the
percentage of seed weight relative to pod weight mirroring the pattern seen for dry
seed weight.

3.4. Epidemiology and Control Strategies

As shown in Table 5 and Figure 8, the DPCs for BCMV incidence varied significantly
across locations, years, and cultivars. FG consistently exhibited higher infection rates and
final BCMYV incidence compared to FM. In the absence of control measures, all FG plots
(AG1_20, AG2_20, LG_21, LG_22) reached 100% BCMYV incidence, often early in the season.

In 2020, two plots (AG1 and AG2) were planted with two lots of seeds with 10% BCMV.
The initial infection rate was similar for both fields. However, by July, all sampled plants in
AG1 were positive for BCMYV, while those in AG2 reached 100% infection only at the final
sampling (September). The rate of increase (slope of the linear regression line) was highest
for AG1 throughout the study (Table 5). This rapid spread seems to be prevalent within the
PGls, as exemplified by LG_20; by harvest, nearly all plants in LG_20 were infected. To
identify uninfected plants for harvest comparison, we had to analyse over 500 additional
plants free of potyvirus symptoms, and most were positive for BCMYV. Similarly, in 2021,
LG_21 had 100% of plants infected at harvest and LG_22 displayed an intermediate spread
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rate in 2022 (Table 4). However, similar to other plots, nearly all plants tested positive for
BCMYV at harvest.

Despite starting with virus-free seedlings, removing infected plants initially, and
having no neighbouring bean crops, MGI_22 and MGBMz_22 experienced rapid disease
spread (40% infection in MGI within a month and 75% infection in MGBMz within two
months). This was likely due to poor weed management practices and late or no proper
vine training. As a result, the grower abandoned these plots, and no further data collection
was possible after July.

During the 2023 season, the DPCs showed promising results in managing BCMV
infection using various approaches. In the two plots chosen randomly among those with
traditional intercropping corn/bean as the only difference with respect to the standard
monoculture, the final level of BCMYV infection was under 60%. Despite initially removing
infected plants and minimal aphid catches on the yellow sticky traps, the virus became
established within the protected greenhouse (RGI_23) (Figure 8). However, by harvest time,
only 45% of the plants tested positive for BCMYV, indicating a reduction in infection rates
over time. In the field plot LGBMz_23, the corn border strategy was initially ineffective in
preventing transmission, likely due to delayed corn growth and poor weed management,
but the rate of spread of the virus decreased later on and at harvest, it was 75%. As
expected, all plots situated outside the PGI area yielded improved results. In SFGMz_23, the
combination of techniques successfully delayed the epidemic, resulting in a low infection
rate and 25.7% of infected plants at the end of a long season.

The three plots with FM had significantly lower rates of infection inside and outside
the IGP area. Despite being sown with untested seeds and surrounded by FG fields that
reached 100% infection by August, the 2023 Lourenza plot (FM) showed a BCMYV infection
rate of 45% at that time. The two plots in Lugo planted with tested FM seeds had 25 and
35% infection at the end of the season, but considerably lower infection levels (9 and 20%)
at the time this cultivar would be typically harvested (before maturity).

Table 5. Results of the epidemiological study. For bean common mosaic virus epidemics with enough
data, values of R?, slope, and SEEy are from the model that best fits the DPC.

Plot LAl Model R? Slope SEEy % BCMV Expected % BCMYV Observed
AG1_20 bh Linear 0.89 0.009 0.153 >100 100
AG2_20 bh Linear 0.99 0.02 0.007 100 100

LG_20 bh - 97
LG_21 bh - 100
LG_22 bh Linear 0.95 0.017 0.077 92 98
LGBMz_23 h Monomolecular 0.82 0.012 0.28 80 75
MGI_22 35d2 - - 40
MGBMz_22 56 d 2 - - 75
RGI_23 h Gompertz 0.74 0.02 0.750 40.5 45
EIG_22 h Gompertz 0.80 0.04 0.62 55 60
EIM_23 h Linear 0.92 0.003 0.037 24 25
SFGMz_23 bh Gompertz 0.55 0.01 0.49 22 25.7
SFM_23 h Gompertz 0.84 0.019 0.418 31 34.8
LGMz1 23 bh - 52.6
LGMz2_23 bh - 59.7
LM_23 h - 45

L LA: last analysis; bh. before harvest; h, at harvest; ah, after harvest. 2 Monitoring stopped due to wrong
management of the plot. SEE standard error of the estimate.
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Figure 8. Disease progress curves for 9 of the bean common mosaic virus epidemics studied between
2020 and 2023. DAFA: days after first analysis of bean plants. The regression lines correspond to the
expected values based on the epidemiological model that best fits the DPC values (Table 5).

4. Discussion

Dry beans are one of the most important crops in the world and BCMYV is considered
economically important throughout Africa, Europe, North America, and Latin America,
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with infection levels that often reach 100% and estimated yield losses of 35-98% [16]. Our
findings with Faba Galaica (FG) align with these general trends in BCMV prevalence and
damage. For large-scale cultivation, various control strategies exist to minimize losses
from seed-borne pathogens, ranging from certified seeds to resistant cultivars (CABI, 2023).
In Protected Geographical Indications (PGIs), managing plant and seed health is critical
for the long-term viability of traditional cultivars and farming practices. These elements
define the unique characteristics (typicity) required for PGI certification. That makes PGIs
interesting crop systems to study plant disease epidemics: they are limited to a certain
area, use one or few cultivars in small fields with traditional growing systems, and usually
get high prices in specific markets. For small PGIs like ‘Faba de Lourenza’, the total seed
requirement is low, and like in many other PGIs in the EU and bean crops in developing
countries [38], farmers often save or exchange seeds from the previous year. In this context,
we observed a very high prevalence of seed-borne pathogens, particularly viruses. Despite
these findings and potential yield losses (Figure 7), growers often express minimal concern,
likely because, similar to potato varieties infected with Potato Virus Y (PVY), plants infected
during the season may not exhibit clear disease symptoms.

This study analysed thousands of samples between 2020 and 2024, a throughput
impossible with other virus detection methods due to cost constraints. Tissue printing
proved to be the most efficient technique for field screening and evaluating propagation
material in our previous studies with grapevine and potatoes [29]. Tissue printing has been
used since the 1990s for the detection of viruses, bacteria, and MLO in cereals, citrus, plums,
and potatoes, and for polyphagous viruses such as cucumber mosaic virus (CMV) or tomato
spotted wilt virus (TSWV) among many others [39]. Legume viruses were among the first
viruses detected using this technique [34,39]. ELISA tests for bacteria, including tissue
printing ELISA, have been approved as one of the European Plant Protection Organization
(EPPO) Standards (2010-09) [40] but to our knowledge, it has not been reported for Xa-ph
or Ps-ph in bean germinated seeds or leaves.

Analysis of FG seed lots from PGl fields and seeds from known BCMV-infected mother
plants yielded similar average infection rates in the range of 20-30%. That seed infection
rate translates to near-complete field infection by harvest, as observed in our samplings
from Lourenza (2020-2022) where no control measures were implemented. Cifuentes
et al. [23] reported that sowing seeds with only 4% infection resulted in 100% plant infec-
tion at harvest. In our study, with a much higher seed infection rate (>20%), this level of
virus prevalence will likely be reached well before the end of the season, as exemplified
by plot AG2_20. The only exception to the high seed transmission rate observed in FG
is RGI_23, which showed a very low value of 2.5%. This could be due to greenhouse
conditions, but further confirmation is needed. There are a number of factors that influence
seed transmission rates, including environmental conditions [41]. Greenhouse environ-
ments differ significantly from open fields in the region, potentially explaining the lower
transmission rate observed in RGI_23. FM lower incidence in seed lots (<5%) corresponds
to lower levels of transmission to seed (2.5%).

The BCMV levels observed in FG within the PGI Faba de Lourenzé are comparable to
those reported for other Spanish PGIs [23,42]. However, Asturias reported a significantly
lower incidence of potyviruses [43]. FM, cultivated alongside FG, exhibits a contrasting
pattern. FM seed lots have lower infection rates, field plants typically test negative until
later in the season, and seed transmission from infected plants is also lower compared
to FG. This lower level of BCMYV infection in FM might be attributed to two factors: its
determinate growth habit leading to a shorter growing season, and the harvesting of green
pods before full maturity and drying. The lower BCMYV seed transmission in FM compared
to FG translates to a reduced initial inoculum for aphids within FM plots. Additionally,
late-season transmission from surrounding infected FG fields, via aphids, would likely
occur after FM seed harvest. The two FM individual plants with over 40% infected seeds
(Figure 6) were likely exceptions, possibly due to harvesting at a later stage when seeds
were more mature.
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Our findings revealed significant harvest weight differences, primarily between plants
infected early in the season and those testing negative at harvest. This highlights the
importance of planting seeds with minimal BCMV infection. Yield reductions in fields
sown with 20—40% infected seeds might be more substantial than growers acknowledge.
Studies in other Spanish PGIs report bean yield losses of 40-50% due to BCMV [42,43].
Though traditional varieties cultivated for decades may seem unaffected, the true impact
of potyvirus infections is likely underestimated due to the absence of data on potential
yields achievable with disease-free seeds. Local minor cultivars grown in small, often
non-irrigated fields, exhibit high yield variability due to various factors. This makes it
challenging for farmers to attribute yield losses specifically to viral diseases, especially
when symptoms are mild or absent in plants infected later in the season [42]. Tolerance
is assumed when symptoms are very mild or not shown at all in plants infected after the
first month [42]. Current seed certification programs, effective in reducing seed-borne
diseases, are often impractical for small regions cultivating local varieties due to limited
economic viability. In these cases where seeds are reused and exchanged and vector control
in the field is absent, the risk of reaching 100% infection at harvest and progressive plant
degeneration is very high [20]. Moreover, although these traditional beans fetch a higher
price in gourmet shops than common varieties (15-25 €/kg in 2023), their production costs
are also higher due to being less intensively cultivated and requiring more manual labour
compared to fully mechanized improved varieties. Therefore, minimizing virus-related
losses becomes crucial for maintaining their profitability.

Our efforts to reduce virus transmission were sometimes hampered by grower deci-
sions related to weed control, planting density, or vine training. In some cases (MGI_22,
MGBMz_22, and early stages of LGBMz_23), this was due to inadequate weed and vine
management just after planting. This is because weeds, including leguminous species
(Trifolium spp.) that can harbour BCMYV, attract aphids at the beginning of summer. Carazo
and Romero [44] identified 15 additional reservoir species for BCMV beyond legumes. In
Nigeria, virus incidence in weeds around the legume plots was 2.5% [45]. Studies have
shown that mulching reduces early-season infection in seed potatoes [26].

Figure 8 showcases the diverse effects of location, cultivar, and control strategies on
Disease Progress Curves (DPCs). While some models provide superior fits to the epidemic
data, the slopes of these best-fit DPCs are also demonstrably influenced. Interestingly, natu-
ral epidemics were best modelled by linear functions with high R-squared values and low
errors (Table 4). Conversely, controlled epidemics were primarily described by Gompertz
models, albeit with a consistently lower goodness-of-fit. In most cases, the predicted final
infection level aligned well with observed values (Table 5). This information could be
valuable for pre-emptively determining crop destination based on anticipated infection
severity. Early removal of infected plants most significantly impacts DPC trajectory and
model fit.

The parallels between BCMV and Potato Virus Y (PVY) in seed potato production
are evident. Consequently, established management strategies for potatoes can be effec-
tively applied to control seed-borne viruses in beans and other crops [26,28,29,46,47]. This
strategy combines using low-infection seeds, removing symptomatic young plants, and
implementing intercropping. Maize as an intercrop offers distinct advantages over border
crops, particularly in small fields [26].

For indeterminate growth cultivars like FG, intercropping with maize is a simple
practice. It provides support for climbing vines and leads to significant cost reductions.
Interestingly, the traditional cultivation system for FG has been associated with corn.
However, this practice is declining in favour of monoculture. While there is no such
tradition for FM, intercropping with sweetcorn has been proposed for bush bean cultivars
in other regions of Spain as well [48].

Similar to potato intercropping, interplanted crops surrounding the bean plants act as
a mechanical barrier for aphids and a virus sink. These companion crops attract aphids
away from the main bean crop [26], which likely explains the positive results observed in
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SFGMz_23 and the lower level of BCMYV at the end of the season in both LGMz_23 plots.
An integrated approach that combines multiple techniques like these is most effective.
Additionally, utilizing virus detection methods like tissue printing ELISA for pre-planting
seed lot evaluation is crucial.

5. Conclusions

The high prevalence of Bean common mosaic virus (BCMYV) in FG fields is primarily
caused by infected seeds. This is due to the virus’s high seed transmissibility and the
occurrence of early horizontal transmission by aphids.

The significant differences in BCMYV incidence and seed transmission between the
two evaluated bean cultivars seem to be related to their different growing seasons and
durations in the field. Harvesting before full maturity in FM results in poor germination of
seeds older than the previous season ones but also in lower seed transmission.

The best way to reduce the virus incidence and minimize yield losses is through the
commitment of farmers in the PGIs to:

(@) locate plots for seed production far from the growing area where a combination of
techniques for preventing virus transmission will be applied by trained growers using
an IPM approach,

(b) test representative samples of the seeds produced in those plots and use exclusively
lots with the lowest possible virus level, and

(c) train growers to pay special attention to soil and plant management from the begin-
ning of crop planting to delay virus transmission.
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