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Abstract: Crop disease often leads to field epidemics with serious threats to yield. Early symptoms
are sometimes difficult to identify, so the origin of primary inoculum is a critical focal point in the
study of plant diseases, as it can help design management strategies to reduce crop losses. Here, we
investigated whether anthracnose of water yams (Dioscorea alata L.) caused by the species complex
Colletotrichum gloeosporioides can start from infected seed tubers from the previous harvest. Over
two years, we collected tubers with varying pathogen prevalence in the field directly from producers
and conducted fungal isolations in the lab to sample C. gloeosporioides. We also proceeded to artificially
inoculate tubers before planting and monitored disease development. Finally, we genotyped isolates
from leaves in the fields and assessed fixation indices between plots based on plot ownership (plots
with a common seed tuber origin from a single farmer) vs. samples in plots from unrelated producers
in Guadeloupe, Martinique, and Barbados. We were unable to isolate the fungus from harvested
tubers in either sampling survey nor did any plants grown from inoculated tubers develop any
disease symptoms during growth. Also, the genetic structure of samples within each plot was
independent of plot ownership, though this occurred with varying levels in the different islands.
These results suggest that contaminated planting material from seed tubers is not the primary source
of the disease, which is in contrast to the common perception of yam anthracnose prevalence in
the Antilles.
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1. Introduction

Plant diseases pose significant challenges to food production, often leading to reduced
yields [1,2]. This reduction can occur directly through damage to harvested produce or
indirectly by compromising the plant’s efficiency in producing reserve organs, fruits, or
seeds. Disease thus potentially impacts yield anytime, from planting and growth, to
reproduction and fruiting, or even during the post-harvest storage season. While the
overall effect might be negligible if only a few plants suffer from pathogen attacks in the
fields, there are usually more dramatic impacts when the disease progresses through a
cultivated plot to reach an epidemic stage. Disease control methods, such as crop rotation
and the use of certified disease-free seeds, are commonly employed agronomic practices to
reduce the risk of disease development in crops [3]. Sometimes, fungal epidemics result
from aggravated disease levels on a regional scale [4,5] which dramatically increases the
chance of local disease initiation [6]. The spread of disease is therefore more challenging to
manage, as fields have recurrent spore inflows [7,8]. Most often though, lower and irregular
inoculum pressure make it essential to spot disease initiation in the fields before a more
serious spread threatens crop production locally.
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Epidemic control strategies will address pathogen dispersal in two ways, and both rely
on identifying the source of disease initiation from field inoculum sources. First, whenever
diseases are already increasing locally and about to become regional pandemics, then most
proximal inoculum sources will originate from neighboring fields with the same cultivated
crop, a close relative [9,10], a similarly susceptible cultivated plant species [11–13], or even
natural vegetation or weeds [14,15]. At the epidemic stage, successful control often relies
on chemical intervention unless resistant varieties are available [16,17] or sometimes via
defoliation management (e.g., [18]) or when plot edges are acting as efficient propagule
barriers [19,20]. Indirect control can also occur at the landscape level, where field crop
mosaics can buffer pathogen spread [21,22]. The occurrence of epidemics is often critical,
so disease management depends on pathogen and disease monitoring programs [23] and
integrated information flow [24,25]. Second, and probably a more frequent situation,
is the onset of disease without sustained propagule dispersal over fields (i.e., beyond
regional pandemic situations), and in this case, identifying inoculum sources before disease
propagation is the primary consideration for successful disease management. Inoculum
sources are thus an important issue in phytopathology, and many studies emphasize the
need to identify them and alter agronomic practices to decrease disease risk [26].

Primary inoculum sources often depend on the existence of reservoirs in wild species
or a neighboring field (either immediately adjoining or at a greater distance, depending
on pathogen dispersal skills) [9,11], and in this case, the correct knowledge of potential
alternative host species is necessary [15,27]. A second approach to identifying primary
inoculum sources is to monitor crop species. The disease may start early during growth
when a pathogen has already infected seeds [28,29]. The likelihood of disease development
increases when producers have to produce seeds themselves as it depends on disease
impacts from the previous cultivation season. Such is the case of our study model in
Guadeloupe, since water yam (Dioscorea alata) seed availability is directly self-managed by
producers, even if ancient and new varieties are available to renew their stocks [30] despite
labile yield levels making cultivar match with local conditions difficult [31]. The main
fungal disease in yam in the Caribbean is anthracnose, which is caused by the worldwide
pathogenic species complex Colletotrichum gloeosporioides [32]. Yam anthracnose is a major
threat locally, yet the disease occurs erratically and is difficult to predict despite a high
prevalence of fungi in natural vegetation [14] and a year-round abundance of spores in
cultivated areas [7]. So, the actual inoculum source for C. gloeosporioides causing anthracnose
disease on yams remains uncertain.

Indeed, while the most frequent path to disease is probably a local inoculation from
rain splash spread in the fields [33], Colletotrichum spp. are still thought to be able to infect
tubers either directly by systemic infection during tuber filling or from fungi via direct soil
contamination or indirectly at the harvest stage from diseased plant aerial parts such as
necrotic leaves and stems. This narrative that yam anthracnose disease starts in infected
fields produced several studies investigating the long-term survivability of the fungus and
its infection capacity, which seems low in soil conditions [34,35]. Yet, while some producers
seem reluctant to plant their own seed tuber material when disease prevalence was substan-
tial in their fields in a previous cultivating season [36], a majority still acknowledge planting
seed tubers independent of previous disease assessments. Colletotrichum gloeosporioides was
previously described as a yam tuber pathogen, causing anthracnose in aerial parts and
“dead skin” disease on tubers [37,38]. Some researchers hypothesize that infected tubers
might be the primary inoculum source for anthracnose because developing plantlets from
inoculated tubers develop symptoms typical of anthracnose disease [39], an idea recently
updated by Frézal et al. [39,40]. Consequently, the hypothesis of tuber infection still drives
disease levels in the fields [40], which is a process corroborated by the prevalence of disease
spread via seed networks [41], as casual, informal seed exchange between acquaintances
occurs frequently enough in the region.

In this study, we investigated whether yam seed tubers could act as primary inoculum
sources yearly since producers believe that tuber contamination before planting was the
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primary source and initiator of yam anthracnose in their fields [36]. There is earlier evidence
that Colletotrichum spp. can infect yam tubers [37,38]. Nonetheless, C. gloeosporioides
demonstrates high genetic diversity often at field levels [40,42]; thus, evidence might be
pointing to other sources for inocula initiation (e.g., neighboring vegetation), though it is
still required to test whether the genetic similarity of isolates is greater within fields from the
same producers compared to genetic similarity from random fields. During the interview
survey in 2014, many producers were interested in whether C. gloeosporioides isolates
contaminated their seed tubers, as they generally thought these were primers in disease
onset in the fields [30]. The research objectives can be written as follows: determining the
prevalence of the fungus C. gloeosporioides in harvested tubers and investigating whether
inoculation of fresh seed tubers leads to disease development during plant growth. Last, we
tested whether tuber infection was associated with field ownership between post-harvest
and pre-planting isolates. Indeed, if disease initiation occurs via tuber contamination, a
greater genetic similarity would be expected with field isolates from the same producers
than between isolates from randomly chosen fields. We tested this hypothesis with some
yam producers who owned several yam fields and analyzed fixation indices of isolates for
five microsatellite loci.

2. Materials and Methods
2.1. Tuber Sampling Surveys and Fungal Isolations

Seventy-eight Guadeloupean yam producers were interviewed to assess anthracnose
disease control strategies and varietal dynamics with anthracnose epidemics [30,36]. In
a first trial phase to grossly estimate the prevalence of C. gloeosporioides on yam tubers
in the fields, 21 seed tuber samples were collected from 7 commonly cultivated varieties
(Belep, Boutou, AnBa Bon, Goana, Kabusah, Kinabayo, Pacala, and Saint-Vincent) from
a subsample of 18 producers from the initial study sample, all entirely volunteering for
disease checks (usually with a single seed tuber, except for one producer who furnished
five tubers from five different varieties).

In 2015, the tuber-checking survey for the prevalence of C. gloeosporioides was con-
ducted with a larger group of farmers and with a greater agro-diversity-oriented sampling
scheme, still relying on volunteer participation. Yet, it offered producers financial compen-
sation equivalent to the market price of tubers received. We specifically sampled tubers
in various states of health, harvest, and general shape or conditions (including spoiled or
decaying ones), although the tubers were of good quality on average. The 2015 survey
allowed sampling to a greater extent, and 213 tubers from 7 varieties from 50 producers
were sampled. During the second survey, we decided to focus on Colletotrichum spp. only
and did not proceed to identify any other fungi growing in culture. In the lab, we surface
sterilized tubers in an external bath of one minute in 1% sodium hypochlorite and then
70% alcohol solutions, which was followed by two rinses in sterile distilled water. We then
cut small slices of tubers with both pieces of epiderm and deeper layers intact, which were
then placed in Petri dishes with S media [43] to ensure a more favorable growth condition
for C. gloeosporioides [11]. Petri dishes were sealed for up to five days at room temperature,
and we assessed fungi growing out of the yam pieces (ranging from skin and cortical zones
to regions slightly deeper in the tuber) under light microscopy to assess the presence of
C. gloeosporioides. Various minor modifications to the protocol were made, using a more
general culture media (e.g., potato dextrose agar [44]), changing the size of tuber fragments,
or increasing moisture content in Petri dishes during incubation to increase the chances
of isolating Colletotrichum spp. in sampled tissues (see Results section). Our sampling
scheme was fairly small in the first year (trial phase) and increased about ten times the
second year on the 8 commonest varieties grown locally, representing over 85% of local
varietal diversity in importance [30], and reaching about 3% of the island declared yam
producers. Sampling was overall a fair and decent approximation of the local situation and
context (dominance of family agriculture) even if it could have been improved in terms of
robustness and size.
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2.2. Tuber Inoculation and Greenhouse Experiment

In parallel, a greenhouse experiment was conducted where seed tubers from two
widely grown varieties (“Plimbite,” a susceptible variety, and “Goana,” a moderately
resistant one) were washed either for 10 minutes in a highly concentrated C. gloeosporioides
spore suspension (105 spores·mL−1, consisting of a mix of spores from two aggressive
isolates #172 and #242 isolated from D. alata and kept at our lab isolate bank, i.e., inoculation
treatment), or left as control for 10 minutes in a soap and water mixture, in a random fashion
controlling for gross symmetric seed origin (head or low part of previous harvest tuber
distributed symmetrically within treatments and pots). Our strains were confirmed to
belong to C. gloeosporioides complex using CaInt2, CgInt and ITS4 primers (see below) [45].
Seed tubers were planted in pairs with eight replicate pots (i.e., two varieties by two
treatments by eight replicates) in a spore-free room in the greenhouse (spore-free refers
here to the filtering quality of the greenhouse netting), under natural light and ambient
temperature (with a daily 24–32 ◦C range), and their growth was monitored as well as
the appearance of potential disease symptoms. At the end of the growing season, mini
tubers were harvested from the experimental pots and checked for the presence of C.
gloeosporioides following the isolate sampling procedure described above. The experiment
was replicated in the second year with the “Goana” variety only due to a shortage of
“Plimbite” variety seeds with sample sizes twice that of the first year. Since there was
strictly no difference between control and treatment in either year despite conditions highly
conducive to infection (see results), power analysis could not be conducted, as it requires
estimates of relative variance within plots and estimation of effect size. It was thus decided
to estimate the infection threshold using binomial calculations. The individual probability
of infection, ‘q’, was thus calculated. If (1 − q) is the probability that the event would
not happen (and the experiment was thus repeated n = 64 times, excluding controls),
the following equation was solved (1 − q)ˆn < α (with α = 0.05), i.e., q > 1 − αˆ(1/n) to
determine q. The Wilson score formula was also used (see [46–48]) and gave the same result.

2.3. Genetic Structure and Plot Ownership

A broader C. gloeosporioides sampling survey was subsampled with identification
based on spore morphology (more details discussed in [14]), following von Arx spore
morphotypic classification [49] isolated from yam leaves that investigated the genetic
diversity of the fungus in the Lesser Antilles [43], selecting fields from producers with
2–3 yam plots in their farms from three islands (Guadeloupe, Martinique, Barbados). DNA
was extracted from the isolates using a FastDNA kit (MP Biomedicals, Irvine, CA, USA)
and Lysing Matrix A for fungal cell lysis and then amplified via PCR the CaInt2, CgInt and
ITS4 region [45] to confirm prior visual assessment by microscopy that the fungi indeed
belonged to C. gloeosporioides. Colletotrichum spp. isolates sampled on yam leaves in 2014
were genotyped with five microsatellite markers, namely cg150, cg68, cg71, cg92, and cg164,
following protocols described in [50]. A total of 109 isolates sampled from 21 yam fields
from 8 producers from the three islands from the initial sample were thus subsampled.
Barbados accounted for three producers with three plots each (9 plots total), allowing
for 185 ‘inter’-comparisons and 40 ‘intra’-comparisons (225 single locus Fst estimates for
Barbados Island). Martinique accounted for 2 producers with 2 and 3 plots, respectively,
allowing for 30 ‘inter’-comparisons and 20 ‘intra’-comparisons (50 single locus Fst estimates
for Martinique Island). Guadeloupe accounted for three producers with 2–3 plots (7 plots
total), allowing for 60 ‘inter’- and 15 ‘intra’-comparisons (75 single locus Fst estimates
for Guadeloupe Island). The hypothesis was that under a high prevalence of harvest
and post-harvest tuber contaminations leading to using contaminated seeds as planting
material, genetic similarity would be higher between fields from the same producers (intra)
than between different producers (inter). Therefore, this would lead to a significant genetic
structure of Colletotrichum spp. isolates based on producer location as a hierarchy factor. In
contrast, if natural vegetation was the main factor in disease, we would expect no difference
of genetic similarity for intra- and inter-comparisons. Single locus Fst between all pairs of
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fields for all loci within islands (nested factor) were thus computed and arranged by type
of comparison (intra vs. inter). It was then tested whether a significant difference existed
between field pairs from the same producer (treatment comparison = intra) vs. field pairs
from different producers (treatment comparison = inter) with an ANOVA via R software
version 4.4.0 [51], using island and type of comparison (intra vs. inter) as independents.

3. Results
3.1. Fungal Diversity in Yam Tubers

The first tuber diagnosis survey in 2014 resulted in the identification of 19 different
fungi genera based on spore morphology [52] at diverse occurrence on sampled tubers
(number in brackets): Aspergillus sp. (9), Bipolaris sp. (1), Cunnighamela sp. (5), Curvularia
palesens (4), Curvularium eragrostidis (1), Drechslera sp. (1), Fusarium oxyporum (3), Fusarium
roseum (7), Fusarium solani (20), Gliocladium sp. (3), Memoniella sp. (1), Mucoral sp. (2),
Paecilomyces sp. (3), Papulorspora sp. (1), Penicillium sp. (6), Phoma sp. (1), Pleurophagnium
sp. (1), Rhizoctonia baticolla (7), Streptomyces sp. (1), Trichoderma sp. (2), Verticillium sp. (10).
Colletotrichum gloeosporioides was thus not found on or in sampled tubers from any producer
among the 18 volunteers in the first year. Similarly, Colleotrichum spp. were absent on
or in tuber slices in 2015 (though other species were isolated) (and thus with none of the
50 volunteers in the second year). Colletotrichum was thus never obtained as a sample
isolate from tubers in the fields.

3.2. Infection of Yam Tubers with Colletotrichum Gloeosporioides

None of the greenhouse experimental plants growing from either control or tuber-
inoculation treatment had any symptom of anthracnose from growth to senescence in either
year. On the other hand, we used the same spore suspensions in an unrelated pathotyping
experiment via regular leaf inoculation. They produced anthracnose symptoms on these
plants, thus confirming that spores were viable and could infect plants naturally. Hence,
the failure to infect tubers was not due to a protocol or pathogen viability issue.

The minimal infection threshold (q) fitting our model was approximately 0.047. We
thus interpreted from our calculations that the fact that no infection occurred 64 times
independently allows us to assume the probability of infection under highly favorable
inoculation conditions is less than 4.7% with a confidence threshold of 95%. Using the
probability of zero events in the binomial distribution, since none of the 64 plants was
successfully infected, the 95% confidence interval of the infection probability lies between
0 and −ln(1 − 0.95)/64 = 0.047. Colletotrichum gloeosporioides, along with C. truncatum,
were isolated in both control and inoculation treatments at very low frequency (both
Colletotrichum species were isolated twice for each treatment) after harvested tubers stayed
in the lab, suggesting post-harvest contamination rather than infections resulting from
the experimental inoculation. Both fungi are known to coexist at host level in nature and
interact locally [53]. The greenhouse experiment demonstrated that tuber inoculation is not
a primary factor of fungal contamination and disease initiation in the field. Consequently,
tubers are not easily infected by yam anthracnose-causing fungi, so tuber contamination
appears to be more of a post-harvest challenge than a problem for seed tubers.

3.3. Genetic Structure of Fungi Isolates within Plots

Pairs of Fst estimates were high because local sampled isolates often had alleles absent
in other fields. Overall, the island was a significant factor for genetic differentiation (Table 1),
but comparison treatment (intra vs. inter, i.e., fields from the same producers vs. fields
from unrelated producers) was not (Figure 1). Thus, the evidence allows us to conclude
that isolates sampled from fields with the same producers are not more similar than isolates
from unrelated fields, further dismissing the hypothesis that contaminated seed tubers are
the main path to anthracnose disease in yam plots in the Caribbean.
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Table 1. Test of genetic structure (Fst comparisons) for isolates from plots within and between owners.
Fst levels are significant between islands but not for treatment (comparisons of plots from the same
owner vs. plots from different owners). *** indicates significance levels with p < 0.001.

Df Sum of Squares Mean Square F Value p

Island 2 0.00484 0.0024213 8.324 0.000295 ***
Comparison 1 0.00001 0.0000062 0.021 0.884459

Island × Comparison 2 0.00000 0.0000011 0.004 0.996125
Residuals 344 0.10007 0.0002909
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4. Discussion

Several genera of pathogenic fungi may infect yam tubers produced by farmers from
Guadeloupe, as similarly indexed by Noon and Colhun in tubers from West Africa [54].
However, our results showed that anthracnose-causing Colletotrichum spp. did not colonize
yam tubers (either external or internal areas) in this study. Also, mock-inoculated tubers
did not produce diseased plants, but mock-inoculated yam leaves produced anthracnose
symptoms. Still, Colletotrichum isolates can be isolated from yams in tubers post-harvest,
possibly depending on the spore intensity in the environment and exposure to contaminated
wasted leaf. Further, when we analyzed for possible genetic structural effects of plot
location, there was no significant difference between plots from the same producers or
unrelated fields, dismissing the idea that tuber infections might be an essential component
of primary inoculum and the source of anthracnose disease or epidemics. Therefore,
infected tubers do not necessarily translate into further diseased plants (unlike the more
common leaf infections, which seem the natural path to yam anthracnose).

In our two-year study, we did not detect or isolate Colletotrichum spp. from tuber
samples obtained from producers. So, we did not have any events of natural tuber infection
(even after adjusting and expanding protocols to increase the probability of sampling Col-
letotrichum isolates). On the other hand, we successfully isolated casual Colletotrichum from
our experimental tubers, which was most probably after exposure to a spore-contaminated
environment (lab bench in our culture room). Thus, while tubers may host the fungus,
naturally occurring infections of tubers seem rare. In addition, plants growing from ex-
perimentally inoculated tubers did not demonstrate any further symptoms of anthracnose
disease in our greenhouse experiment, suggesting that local infection rates of tubers are
probably insufficient at best to translate into disease. Most disease symptoms in the fields
occur on leaves and very locally, and natural inoculation is mostly a matter of foliage
transmission and dispersal (e.g., [55]).
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On the other hand, there is little or no research on the influence of microbiota for protect-
ing tubers during the post-harvest phase (i.e., the phase when they are likely most exposed
to Colletotrichum), so this approach might still be worth investigating in small farms [56].
Contrary to regionally widespread views and as suggested by past evidence [38,39], seed
tubers are not usually the primary inoculum source of anthracnose disease in the field. Our
stratification study on the genetic diversity of fungal isolates has further confirmed this find-
ing. Indeed, if tubers were the source of disease, then isolates sampled from fields from
the same producers would be more closely related than fields from different producers, as
many of them would come from a shared seed tuber pool (which would also share com-
mon inoculation events). In contrast, if local natural vegetation was the primary source of
inoculum, we would not expect high similarity between samples from the same owners. Our
results with Fst indices indeed demonstrated that the genetic similarity of isolates in fields
from the same producer was not statistically different from those of randomly compared
fields. The genetic diversity of isolates thus pointed more toward an extrinsic origin of the
disease or environmental source [43] than an intrinsic origin such as seed tuber inoculation. A
local vegetation component of inoculum source might explain this pattern better than seed
tuber inoculation, which was indeed suggested by studies on host diversity patterns in both
weeds [11] and natural vegetation [14], given the often observed lack of host specificity for
Colletotrichum fungi [57].

Despite low tuber infection rates, Colletotrichum can contaminate and infect yam tubers.
Indeed, we were successful in isolating samples from both C. gloeosporioides and C. truncatum
in our yams from the inoculation experiment, though irrespective of experimental treatment
(both inoculation and control), suggesting the contamination events were post-harvest
(during storage in the lab culture room before processing). Unsurprisingly, these events
would occur naturally in environments with high aerial spore charge. It may also occur
whenever harvested tubers remain in the fields for too long next to potentially contaminated
discarded aerial parts after harvest, especially if they show symptoms of anthracnose or if a
ventilated stock room is located next to a potential contamination source (composted aerial
plant parts that are diseased or alternate host growing in the neighborhood). Therefore,
completely removing aerial crop residues is valuable in controlling for the inadvertent
inoculation of yam tubers by Colletotrichum [36].

Our study results thus contradict previous studies on seed tuber inoculation as a
potential source of primary inoculum in yams [37,38]. There may be several reasons for this
disparity. First, a possible weakness of our isolation surveys might originate from under-
estimating actual inoculation rates because Colletotrichum spp. is less common on tubers,
and they might escape sampling by chance (or due to protocol bias, or due to competitive
isolation of other coexisting fungi). Since we isolated isolates from casual post-harvest
contamination easily in the greenhouse experiment, this phenomenon probably occurs
but would not fully account for the relative lack of Colletotrichum on yam tubers in our
field study sample. Our sample covers most common locally grown varieties (representing
about two thirds of yam varieties easily available in farms [30] and the majority of harvest
since they are the most cultivated), and based on existing literature about soil survival
of Colletotrichum [34,35] and our own experimental results on tuber contamination, we
did not extend sampling survey. Even though our sample size is moderate overall (yet
reaching out about 3% of local yam producers), with a total sample of 235 tubers from
fields, we would have expected several positive isolations at a contamination rate of about
4.7% even if natural conditions proved less conducive than our favorable experimental
conditions. The relatively small sample sizes in both years, even though it is based on the
most commonly grown varieties accounting for nearly 80% of local yam cultivation, may
limit the generalizability of the study findings, even if the results are congruent with both
our inoculation experiment and our indirect evidence assessment via genetic diversity of
the fungi. Second, disease expression on both seed tubers and sprouting plantlets can be
very sensitive to the nature of isolates occurring locally in nature, and C. gloeosporioides with
low infectious skills might not translate into disease, while more aggressive isolates would,
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as suggested by the elective nature of specific minichromosomes in the species complex [58].
Still, we can hypothesize that the pathogen requires a more specific infection or different
skill to infect tubers than aerial parts of the plant, notwithstanding that virulence genes
have been readily identified for several Colletotrichum species (e.g., [59,60]). So, the results
from this study would suggest that Colletotrichum infection is probably more of a matter of
post-harvest inoculation, and the issue remains for tubers for sales, following other fungi
attacking tubers post-harvest [61,62], and not seed provisioning. Unfortunately, control
of post-harvest damage by Colletotrichum spp. is often more focused on vegetable fruit
loss [63] than on yam tubers.

5. Conclusions

In summary, while yam tuber contamination by Colletotrichum is possible, it seems
relatively uncommon and can be dismissed as the main factor in anthracnose epidemic
development. Further research should investigate whether this result specifically depends
on isolate virulence and aggressiveness, as these results contradict previous available
evidence. Strongly differentiated isolates and high genetic diversity seem the norm in
this species complex, even hinting at possible isolate specialization at the varietal level.
However, this situation does not need to rely on the hypothesis that inoculated tubers are
the source of disease in the fields, since plot ownership does not seem to correlate with the
genetic structure of this pathogen. We provided evidence here that disease initiation from
tubers is unlikely and that it is an entirely different issue from the inoculation competence
of the pathogen even when considering low regional epidemics and propagule rains.
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