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Abstract

This review provides an examination of the marsh spot disease in beans and
the roles played by its causal factor, manganese (Mn) deficiency. The discov-
ery of the marsh spot disease, its relation with Mn deficiency, and how it can
be treated are discussed. Mn serves as a cofactor and a catalyst in various me-
tabolic processes in different cell compartments, such as the oxygen-evolving
complex of photosystem II (PSII) or reactive oxygen species scavenging. Some
major quantitative trait loci (QTL) and putative candidate genes associated
with Mn content in plants, especially in plant seeds, have been identified.
Marsh spot disease in cranberry common bean is controlled by several major
genes with significant additive and epistatic effects. They provide valuable
clues for QTL candidate gene prediction and an improved understanding of
the genetic mechanisms responsible for marsh spot resistance in plants.
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1. Introduction

Marsh spot is a physiogenic disorder affecting seed quality in peas [1]-[7] and
beans [6] [7] [8]. The marsh spot disease was originally described by Dutch
scientists as “Kwade harten van de erwten” (“evil heart of the peas”) in 1933 [9].
They noted a brown lesion of varying extent in the flat inner surface of one or

both cotyledons while still enclosed in the seed coat. Also, he stated that some-
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times this brown lesion was accompanied by partial or entire necrosis of the
plumule. Currently, there is renewed interest in marsh spot disease because in
susceptible varieties, a brown discoloured spot often occurs at the center of the
seeds (Figure 1(C) and Figure 1(D)).

To date, marsh spot disease is thought to be a physiological disorder caused by
an Mn deficiency. This article describes the historical development and major
progress on marsh spot disease control and its major causal factor—Mn defi-
ciency-related metabolic pathways, gene families, and quantitative trait loci (QTL)

and their predicted candidate genes.

2. Marsh Spot Disease and Its Causal Factor

2.1. Symptoms and Signs of Marsh Spot Disease

In 1944, several pulse species, including peas (Pisum sativum), broad beans ( Vi-
cia faba), runner beans (Phaseolus coccineus), French (dwarf) beans (2. vulgaris)
and Phaseolus vulgaris (var. Masterpiece) were raised at Long Ashton, England,
in manganese (Mn)-deficient sand cultures, using a refined pot-culture proce-
dure/way, and the pods were left on the plants until they dried before harvesting
[8]. Severe marsh spots in peas and mild to severe marsh spot symptoms in
broad beans and runner beans were observed. The cotyledon center was sunken,
brown, and pithy. Also, the embryos in beans often exhibited a browning of the

plumule, which also was observed in peas. However, the dwarf beans did not

Figure 1. Cranberry common bean seeds and the symptoms of marsh spot disease. (A)
The exterior seed color of cranberry market class (cultivar Messina). (B) Marsh spot-free
split seed of the resistant cranberry common bean cultivar Cran09. (C) Split seed with a
high marsh spot rating of the susceptible cranberry common bean cultivar Messina. (D)
Cross section of a seed with marsh spot disease showing the depth of the spot.
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show any symptoms of marsh spot [8]. At the same time, the symptoms on
leaves which were caused by Mn deficiency were extremely severe in dwarf
beans, while in pea and broad bean the leaf symptoms were not outstanding.
One explanation for this observation was that pea and broad bean (0.5 m - 2 m
and 0.3 m - 1.2 m in plant height, respectively) were taller than dwarf bean (0.1
m - 0.3 m in plant height) and usually had a longer growth period (6 - 7 months
and 8 months, respectively). Taller plants have to cope with a permanently fluc-
tuating availability of soil nutrients, both in space and time [10]. As Mn can only
be easily transported by xylem, but hardly in the phloem [11], so Mn is difficult
to remobilize in plants. Mn accumulated in the old leaves cannot be remobilized
to other tissues in large amounts. Thus, most of limited Mn may present in old
tissues in pea and broad bean with longer growth period rather than in the seeds.

The size of the marsh spots in the seeds varied. Some spots were quite small,
while others expanded to the edge of the seeds. The plumule could be altered
when the discoloration was great. However, it was unusual to see any damage to
the plumule. Broad cotyledon necrosis predisposed the seeds to attack by sec-
ondary bacterial or fungal organisms, making the damage worse. Sometimes
there was no internal visual discoloration, but only a denseness of the central
tissue [12].

A discoloured spot in seeds was usually observed at the center of the adaxial
surface of each endosperm’s cotyledon. Under a microscope, the discoloured
area seems to be caused by the cell death underneath the cotyledons’ skin. The
starch stored in those cells was transformed or replaced by a brown substance,
which eventually discoloured the cell walls and invaded the intercellular spaces
[2].

The seed germination rate can be severely reduced by marsh spot. For pea
seeds with more than a 20% damaged area, the germination rate was much lower
than that of normal seeds [13]. For instance, when both cotyledons had large
specks with the same conditions on the plumule, the seeds had difficulty germi-
nating [13].

2.2. Measurement of the Marsh Spot Resistance in Cranberry
Common Bean

The resistance or susceptibility to marsh spot of cranberry bean seeds can be
measured based on the size of the marsh spots in the seeds. The seeds are split in
half using a custom-made cereal head threshing board and rubbing block
(Figure 2(A)) [14]. Most seeds are quite easy to break apart. But for more chal-
lenging seeds, a carpenter’s knife or a large #4 scalpel with a #21 blade can be
used (Figure 2(B)). Then an imaging tool, a Zeiss stereoscope, Stemi 508, with
an Axiocam 105, is used for the close-up photos and measurement of the size of
marsh spots. Then, the marsh spot severity ratings are scored on a scale of 0 - 5
based on the width of marsh spots [14] (Figure 2(C)). A score 0 indicates no
symptoms. A marsh spot resistance index (MSRI) to present severity is calcu-

lated using the following formula:
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Figure 2. A marsh sport severity scoring system for cranberry common bean. (A) Seed
splitting tools to shear the cotyledon halves. Knives can have also been used. (B) Steros-
cope for the close-up photos. (C) Marsh spot severity ratings of seeds of cranberry com-
mon bean [14]. The numbers from 1 to 5, which indicate the marsh spot severity of the
seeds, are related to the size of the discoloured brown spot at the center [14].

MSR >, (number of seeds with a rating with 0-5 scale x the rating value)
- Total number of seeds

where n represents the total number of seeds with specific ratings of 0 to 5 [14].

2.3. Causal Factor of Marsh Spot Disease: Mn Deficiency

Initially, brown spot symptoms were believed to be caused by microorganisms,
so scientists attributed marsh spot to a bacterial infection. However, they failed
to isolate any pathogens from peas. Lacey [5] performed an examination to
detect bacteria on the cotyledons of seeds with marsh spot symptoms and in-
oculated healthy plants using the tissues from marsh spot seeds. However, no
marsh spot symptoms developed when the inoculated seeds were planted under
the same soil conditions. Also, no bacteria were extracted from marsh spot seeds,

indicating that the marsh spot was not incited by a pathogen. Later, Pethybridge

DOI: 10.4236/as.2021.129060

931 Agricultural Sciences


https://doi.org/10.4236/as.2021.129060

B. Jiaetal.

[15] observed that marsh spots occurred in a plot of peas growing alongside oats
affected with grey speck. This observation made him consider whether marsh
spots in peas were also affected by an Mn deficiency like a grey speck in oats.
Furthermore, Furneaux and Glasscock [12] using a colorimetric method discov-
ered that pea seeds with marsh spot symptoms had a lower Mn content than
healthy ones. Then, Heintze [4] used a hydroponic method for growing peas and
investigated several traits (Ze., root length, flowering time, and seed formation)
at different concentrations of Mn**. Consequently, it was confirmed that the
marsh spot was caused by an Mn deficiency [4].

Heintze [4] grew peas in a sand-bentonite culture medium and showed that if
no Mn was added to the culture medium, 12% - 15% of the seeds exhibited
symptoms of marsh spot, but no seeds had the marsh spot symptoms if Mn was
added to the medium. He also designed experiments in which zinc or molybde-
num was added into a water culture with a low Mn concentration to investigate
their importance. The results showed that additions of sodium molybdate and
zinc sulphate to Mn deficient soils generally increased the incidence of marsh
spot in peas, but not in the soil with an ample supply of Mn. Those results also
indicated that sodium molybdate affects Mn uptake processes within the plants
and possibly suppressed Mn uptake [2].

Samuel and Piper [16] stated that no other obvious Mn deficiency symptoms
were observed in peas with marsh spot seeds during their vegetative growth. The
marsh spot symptoms could only be detected in mature seeds. Therefore, marsh
spot may be caused by a partial Mn deficiency as a severe deficiency led to the
plants’ death before seed development [16]. To assess this theory, the effects of
different quantities of Mn on the growth of peas were examined using a wa-
ter-culture technique that enabled the strict control of Mn concentrations avail-
able to the plants [3]. When no Mn was added to water culture, specks occurred
on the young leaves, and the growing tips often were dead. Most plants did not
reach the flowering stage. When sufficient Mn was supplied in the nutrient solu-
tions, plants could grow normally and produce seeds. While small amounts of
Mn that were insufficient for normal growth requirements still enabled the seeds
to form, but the seeds showed marsh spot symptoms, and the size of the spots
were greatest at the lower Mn concentrations [3].

Moreover, at low concentrations of Mn, marsh spot symptoms more fre-
quently occurred on the late-maturing seeds. Following the application of suffi-
cient Mn to the nutrient solutions, marsh spot symptoms did not occur on newly
developed seeds, even though specks remained on earlier formed seeds. This
confirmed that the marsh spot might result from a partial deficiency of Mn. Al-
though this disease did not affect pea reproduction itself, the quality of seeds
produced was reduced [2].

However, Moraghan and Grafton [17] noted that cranberry bean (2. vulgaris)
cultivars may display differences in susceptibility to marsh spot. Four cranberry

bean cultivars were planted in two soil types (ie., acid and calcareous) in North
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Dakota; although whole seed Mn content was relatively high in all cultivars,
marsh spot symptoms were still observed. It also was noted that the application
of manganese sulfate did not decrease the incidence of seeds with marsh spot.
This indicated that marsh spot might also be affected by other micronutrients
[17].

2.4. Treatments for Controlling Marsh Spot Disease

Mn treatments can be applied to reduce plant Mn deficiency symptoms. In some
fenland and marsh areas, where the marsh spot disorder most widely occurs, Mn
treatments are considered as a vital routine step [1]. Most growers realize the
importance of spraying Mn treatments at flowering time to avoid marsh spot
symptoms in the seeds [18]. However, the manganese sulphate’s application to
prevent Mn deficiency in peas is still limited because unclear symptoms during
vegetative and reproductive growth do not allow the farmer to determine wheth-
er the supplementary Mn is required [2]. An additional issue that warrants con-
sideration is the extent of crop damage resulting from the use of spraying ma-
chines or chemical fertilizers. Another important factor is the careful application
of lime, particularly on black fen and neutral or slightly acid soils. The shell marl
forms of black peat have shown to be associated with high incidences of severe
marsh spot symptoms.

Manganese sulphate sprays help control marsh spot disease in peas and in-
crease seed weight and yield. The seed yields of the two peas varieties, Jumboka
and Zelka, were significantly increased from 345 - 350 g to 417 - 455 g per plot
[18] in response to sprays of MnSO,. Increases up to 81% in extra seed yield in
peas were obtained following sprays with manganese salts’ solutions [19]. These
results demonstrate that the supplement of Mn can improve the seed produc-
tion.

However, the application of manganese salts may delay ripening. For instance,
manganese sulphate’s application to peas at flowering time delayed maturity by
ten days compared to the untreated plots [12].

3. Overview of the Current State of Knowledge

3.1. Knowledge from a Physiological Point of View

In one of the photosynthetic pathways, photosystem II (PSII), Mn is a critical
element in the oxygen-evolving complex metalloenzyme cluster [20]. The con-
firmed formula Mn,Ca,0,Cl, ,(HCO,),, which is known as the tetra-nuclear Mn
cluster, is bound by the reaction center protein PsbA (D1) of the OEC [21]. Most
of the Mn elements present in plants are involved in this process. Thus, Mn defi-
ciency will lead to a decreased amount of the Mn-complex in the PSII core. For
this reason, low concentrations of Mn will make PSII complex unstable and they
may even disintegrate, eventually resulting in a low photosynthetic rate. Since
leaves are almost the only source of organic matter for seed production, de-

creases in the amounts of photosynthate in the leaves would have a large nega-
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tive impact on seed production and finally lead to the development of marsh
spot symptoms. Moreover, because of low mobilization of Mn in the phloem,
usually the new leaves first turn yellow while the old ones remain green [21].

In addition to PSII in photosynthesis, the detoxification of reactive oxygen
species (ROS) also requires Mn. One of the key characteristics of plant mito-
chondria is that when mitochondria respire, the redox centers will inevitably
produce ROS to regulate plant metabolism and growth. Especially when plants
are undergoing abiotic or biotic stress, this process will be more active [22]. Al-
so, ROS is involved in the regulation of nuclear transcription.

However, ROS concentration has to be rigorously controlled by the antioxi-
dant system, since positive redox may threaten the cellular machinery. The fra-
gile cytoplasm and cell membranes can be disrupted by superoxides produced by
ROS. In a plants cell, superoxide dismutase (SOD) is a unique enzyme that as-
sists cells in the dismutation of superoxide radicals of H,0, and O,. A high con-
centration of Mn*" was observed in the complexes with amino acids, peptides,
nucleotides, and carbohydrates in the mitochondria. Mn is a cofactor of MnSOD,
an important enzyme that is produced by the mitochondria, which produces
H,0, and O, [23]. Those Mn complexes are efficient scavengers of O, and
OHe. When plants are under oxidative stress, Mn** also can substitute for iron
in some proteins to alleviate iron toxicity. Furthermore, one of the oxalate oxi-
dases that are involved in the oxidation of oxalic acid is also an Mn-dependent
enzyme.

Reduced MnSOD often alters the mitochondrial redox equilibrium and plant
growth. Moreover, the oxidizing reaction is relatively intense during seed forma-
tion and germination with lots of O, being produced. Therefore, a lack of Mn
may result in necrosis, an oxidative stress symptom, which is first manifested as
brown specks between the veins caused by an overaccumulation of ROS within
the chloroplasts [23].

Young leaves display the first symptoms of Mn deficiency. Pale mottled leaves
in addition to the interveinal chlorosis are considered as the main symptoms of
this deficiency [24]. If a severe Mn deficiency occurs, leaves display gray speck
symptoms, that appear as brownish, necrotic spots. Brown spots also occur
within the plant seeds, ie., marsh spot symptoms. Broadley, ef al [25] reported
that if the free oxygen radicals are high in chloroplasts, then they will reduce
MnSOD activity, which ultimately results in the formation of necrotic spots.

Besides, Mn-dependent enzymes, Mn also plays a major role in the synthesis
pathways of isoprenoid, lignin, and cuticular waxes in leaves [26] [27] [28]. Iso-
prenoid exists widely in plants, including diversiform primary and secondary
metabolites such as carotene and hormones. Those components are closely asso-
ciated with the cell membrane, electron transfer, and photoprotection. When
plants lack Mn, those biochemical processes also will be affected. Mn-deficiency
also leads to a low concentration of lignin, especially in the roots. Therefore,

maldeveloped roots often predispose plants to pathogens and weed competition,
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which subsequently results in lower productivity.

These Mn-dependent components have special functions in plant growth and
development; the lack of Mn or production of these components may lead to
physiological diseases in plants, such as marsh spot.

Mn deficiency often occurs in plants growing in soils with low available Mn
and in highly leached tropical soils. It is also common in high pH soils having
free carbonates, especially those with a high organic matter content [25]. In
Mn-deficient plants, dry matter production [29], net photosynthesis, and chlo-
rophyll content can decrease quickly [30]. In contrast, rates of respiration and
transpiration remain unaltered [29]. Mn-deficient plants are more sensitive to
damage by freezing temperatures and a range of soil-borne, root-rotting fungal
diseases and need twice as long to enter the boot stage than Mn-sufficient crops.
A reduction in the number of kernels and grain yield in Mn-deficient plants is
probably due to a mixture of low pollen fertility and a reduced carbohydrate
supply for grain filling. Leaves of plants with low Mn tend to be yellow, especial-
ly the young leaves. When Mn deficiency is relatively severe, leaves will curl up
and wilt. Sometimes some brown spots occur on the leaves. Mn deficiency is

known to reduce yield and overall plant health in soybean ( Glycine max) [2].

3.2. Knowledge from a Genetic Point of View

3.2.1. Mn Uptake in Some Model Plants and Related Gene Families

As previously mentioned, Mn*" is only available in a metal form to plants. Most
of the proteins responsible for the transport of Mn across membranes are not
only responsible for this metal, but also other cations, especially divalent cations
such as Fe**, Zn*", Cu®', Cd**, Ca®*, Co?*, and Ni*". Thus, sometimes the expres-
sion of genes that code for these protein families are regulated by the concentra-
tions of other cations. It may be that the genes have diverse regulatory factor
domains for different cations. More investigation, including the modification of
specificity, is required to understand the low specificity in physiological relev-
ance. For example, in the Mn/Fe transporter AtMTP8, Fe transport activity can
be disrupted by inducing mutations in those Fe-binding domains with no impact
on its Mn** transport capability [31].

The ZIP transporters commonly occur in bacteria, fungi, plants, and animals
and are expected to be associated with Fe*', Zn**, Cd**, Co**, Cu*", and Mn*"
transport. They have eight transmembrane domains (TMD) with extracellular
N- and C-termini and a cytosolic histidine-rich loop. YSL transporters are linked
to the oligopeptide transporter (OPT) family and occur only in plants, bacteria,
fungi, and archaea. Members of the YSL family are predicted to transport metals
(Mn*, Zn™, Cu™, Ni**, Cd*, Fe**) complexed to non-proteinogenic amino ac-
ids, such as nicotinamide (NA) or phytosiderophores [32] [33].

The cation diffusion facilitator (CDF) family, which includes metal transport
proteins (MTP) in higher plants [34] [35] is common among plant organisms.
Most CDFs are Metal**/H"(K") antiporters and mediate the efflux of Zn*', Co*,
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Fe’*, Cd**, Ni**, and/or Mn**. The majority have six TMDs with histidine-rich
regions at their cytosolic N- and/or C-terminus and additionally between the 4th
and 5th TMD. Based on their phylogenetic relationships, the CDF family can be
classified into the three major metal transporter subgroups that include Zn-CDFs,
Zn/Fe-CDFs, and Mn-CDFs [36].

Other gene families such as BICAT (Bivalent Cation Transporter) [20], CaCA
(Ca*/cation antiporter) [37], VIT (the vacuolar iron transporter) [38] also are
present in most plants. BICAT joins in the transport of Mn and Ca. Cation/Ca’*
exchanger (CCX) and the H¥/cation exchanger (CAX) are two important subfa-
milies in CaCA, which have been observed to be related to Mn transport. VIT
transports carry both Fe** and Mn*', but their actual functions are still unclear.
P2A-type Ca**-ATPases, which belong to plant P-type Ca**-ATPases, also play a
role in Mn>* transport. Some important gene families reported in seed develop-

ment are listed in Table 1.

3.2.2. Gene Families of Mn Transport among Plant Tissues

Since Mn was identified as a factor that can lead to marsh spot development, the
process of Mn transportation from soil and finally into the plant cell should be
examined. The first step in a plant’s utilization of Mn is its absorption from the
soil by the roots. Mn absorption occurs using an active transport system located
in the epidermal root cells. It is then carried as the divalent cation of Mn** with-
in the plants [46]. They are two main phases in the Mn absorption process. The
initial, rapid uptake phase is reversible and does not require any energy con-
sumption, Mn** and Ca®" or other cations can be freely interchanged in the rhi-
zosphere. Mn®* is absorbed by the negatively charged cell wall constituents in the

root-cell apoplastic spaces. In the second phase, which is not rapid, the Mn*

Table 1. Mn transport gene families involved in seed development.

Family Species Subcellular Gene expression response Reference

CaCA

HvCAX2 Tomato Up-regulated by c(Ca), c(Na) Edmond, et al. [39]

OsCAXla Rice Tonoplast Kamiya, et al. [40]

OsCAX3 Rice Kamiya, et al. [40]

CDF/MTP

AtMTP8 Arabidopsis Tonoplast Up-regulated by Mn-Fe Eroglu, et al [41]

AtNRAMP3 Arabidopsis Tonoplast Up-regulated by Fe Thomine, ef al. [42]

AtNRAMPA Arabidopsis Tonoplast Up-regulated by Fe Lanquar, et al. [43]

YSL

OsYSL2 Rice Plasma membrane Up-regulated by Fe, down-regulated by Mn Koike, et al. [44]

Z1p

HvIRT1 Barley Plasma membrane Up-regulated by Fe Pedas, et al. [45]
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exchange becomes more difficult. Plant metabolism influences the absorption in
the symplast [47], although the mechanisms are not precisely known [48]. The
speed of ion carriers and channels that are involved in Mn** transportation vary
dramatically. The amount of transported molecules through the plasma mem-
brane can vary from thousands to millions [48].

The distribution of Mn from the root cells in a plant requires primary move-
ment in the xylem and transfer from the xylem to the phloem. The transpiration
stream leads to xylem transfer from roots to the above-ground components of
the plants. The phloem has membrane proteins that control cation movement
[46]. Mn moves slowly in the phloem. Mn redistribution often varies among
plant species and with the growth stage. For example, insufficient Mn transport
from roots to the seeds has been observed in wheat ( Triticum aestivium) at ma-
turity [49]. The importance of the xylem in the Mn transport should be empha-
sized due to the low Mn mobility in the phloem.

Some proteins involved in Mn uptake by the roots have been studied in model
plants such as Arabidopsis, rice (Oryza sativa) and barley (Hordeum vulgare)
[46] [50] [51]. Natural resistance-associated macrophage protein (NRAMP)
families are members of the major proteins implicated in Mn transportation
from the root to the stem. Transporters that participate in Mn uptake, xylem
loading, and root-to-shoot translocation have been more thoroughly studied in
rice (Oryza sativa) compared to other plant species [52]. OsNRAMDP5, the first
Mn?* transporter gene identified in rice, is involved in the Mn®* uptake and
translocation [51]. It was localized in the plasma membrane on the distal side of
cells in the root and endodermis and is responsible for the initial absorption of
Mn** from a soil solution. In addition, in Arabidopsis, AtNRAMPI, which is a
homolog of OsNRAMPS in rice, also mediated Mn uptake [53]. The expression
of AtNRAMP] in Arabidopsisis moderately upregulated by the lack of Mn [53].
Recently in barley, HvNRAMPS, a homolog of rice OsNRAMP5, was reported to
be involved in Mn uptake and was observed in the plasma membrane of the epi-
dermal cells [54]. The expression of HVNRAMP5 was up-regulated by a Fe limi-
tation rather than an Mn deficiency. In various root structures, Mn uptake was
influenced by the environment (Ze, climate and soil type), which resulted in
different responses to variations in Mn availability among species [55]. Fe limi-
tation may also explain why in a previous study, marsh spot was not clearly as-
sociated with Mn deficiency [17]. Compared to OsNRAMP5, AtNRAMP] and
HvNRAMUPS5, which were localized in the epidermis, OsNRAMP3 was responsi-
ble for the transfer of Mn** from the xylem to the phloem at the basal node of
rice [56]. However, at high Mn availability, it also was distributed to mature tis-
sues. Therefore, in rice nodes, OsNRAMP3 functions as a switch for Mn distri-
bution, whereby the protein is activated or deactivated in response to fluctuating
Mn concentrations. When Mn was limited, there would be more Mn transferred
to the upper node/panicle through the phloem under the control of OsNRAMP3
[56]. A homolog of OsNRAMP3 also may have an influence on Mn transpiration
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flow to plant seeds.

The transporter gene OsMTP9, located next to OsNRAMUP5, is responsible for
the Mn*" uptake and translocation [57]. Subsequently, OsM TP was located in
the plasma membrane on the proximal side of those rice cell layers, where it ar-
bitrates the export of Mn*" into the stele [51]. Mn*" uptake and root-to-shoot
translocation were highly diminished when either OsMTP or OsNRAMP5 was
knocked out, which indicates that those transporter genes were responsible for
moving Mn** from the soil to the xylem. Radial movement of Mn*" was carried
out by polarly localized transporters at both the exodermis and the endodermis,
which provided a unidirectional flow of Mn from the soil to the stele. Thus, in
soils within the same concentration of Mn, total amounts of absorbed Mn would
be significantly different in the presence of OsNRAMPS, OsMTP9 and their
homologs [51].

Moreover, Yellow Stripe-Like (YSL) transporters were also involved in Mn
uptake. In the long-distance transport and distribution of Mn in rice, it may
be conveyed as Mn**-Na* as well as an Fe-Na complex [44]. Since OsYSI2 al-
so was observed in developing seeds, Mn accumulation in seeds was regulated
by OsYSI2. In Arabidopsis, the YSL family also was reported to contribute to
Mn translocation. Decreases in Mn concentration have been observed in
leaves during Arabidopsis senescence, while in ys/Iys/3 double mutant plants
the Mn concentration remained at the same level [58]. Hence, both AtYSL1
and AtYSI3 are thought to be the Mn**-Na* transporters. In the absence of
AtYSL1 and AtYSL3, Mn could not be transported to new tissues from ageing
leaves.

Unlike NRAMP, two members of the ZIP (Zrt and Irt-like protein) family,
AtZIP] and AtZIP2, were not affected by Mn deficiency [59]. Those two genes
were involved in the transport of Mn in root stellar cells. Both of them were ex-
pressed in the root stele, but at different subcellular locations. AtZIP1 was
present in the tonoplast and took part in remobilizing Mn from the vacuoles to
the cytoplasm. In contrast, AtZIP2 was positioned in the plasma membrane and
may regulate Mn uptake into root stellar cells. In barley, Hv/RT1, which also
belongs to the ZIP family, was involved in Mn uptake, and its expression was

moderately induced by Mn deficiency [45].

3.2.3. Proteins Families Involved in Mn Transport among Subcellular
Components

After Mn has been transported into plant tissues and enters a plant cell, Mn is
further transferred to provide an adequate quantity to the Mn dependent targets
or for storage. Mn was reported in all organelles, including ER, Golgi apparatus,
mitochondria, plastids, and peroxisomes, where it performs specific cellular
functions as previously mentioned.

Mn-CDF comprises a subgroup of the CDF/MTP families that participate in
the sequestering of Mn into the vacuoles. AtMTP8, one of the members of
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Mn-CDF, plays an important role during seed development. AtM7TP3 has been
identified as a transporter of Fe and Mn [31]. An analysis of metal localization in
embryos by XRF tomography showed that AtMTP8 is responsible for the specif-
ic accumulation of Mn in the subepidermal cells on the abaxial side of the coty-
ledons and cortical cells of the hypocotyl, which were very close to the location
of marsh spot symptoms [31]. A similar distribution of Fe and Mn in all the cell
types of Arabidopsis embryos was observed in an mtp8vit!/ double mutant. These
results indicate that Mn and Fe allocation are determined by the two primary
transporter genes, AtMTP8, and AtVIT1 [31].

The VIT gene A¢VIT1, also was identified as a vacuolar Fe/Mn transporter. In
Arabidopsis, AtVIT1 was involved in the allocation of Fe to perivascular strands
of seed embryos. When either VI71 or MTP8 was silenced, the location where
Mn and Fe accumulated dramatically changed. Fe or Mn was not accumulated in
specific cell types, but distributed among all cell types in the seeds. Those mu-
tants later showed symptoms of micronutrient deficiencies [31].

In rice, when OsVIT1 and OsVIT2 were ectopically expressed in yeast, a Fe**
and a Zn** sensitive strain showed increased accumulations of Fe**, Zn** and
Mn*" in the vacuole. Similar to A¢VIT1, when analyzing the metal composition
of the vacuole, significant Mn accumulation was reported in cells in which those
two genes were expressed [60]. Moreover, two VIT homologs were located in the
tonoplasts of wheat. Only one of them, 7aVI72, could supply an Mn-sensitive
yeast strain with Mn. By overexpressing 7aVI71 by controlling an endosperm
promoter, Mn content in wheat grains was significantly increased [61]. Although
proteins in other plants such as pea or beans have not been fully examined, those
plants or cultivars with homologous VIT families would probably prevent marsh
spot symptoms from forming in their seeds.

The CAX family mainly regulates the influx of cations into the vacuole. Its
members are metal transporters that arbitrate the influx of cations into the va-
cuole [62]. CAX2-like transporters of other species, such as tomato (Solanum
Iycopersicum) LeCAX2 and barley HvCAX2, transported Ca** and Mn* into
yeast vacuoles upon heterologous expression, but with different transport kinet-
ics [39]. HvCAX2 was expressed ubiquitously in the roots, shoots, immature
spikes, and seeds, preferentially in the embryo rather than in the endosperm of
barley seeds [39].

Two NRAMP transporters, AtNRAMP3 and AtNRAMPA4, occurred in the to-
noplast of Arabidopsis [63]. Although the number of A(NRAMP3 and At-
NRAMUP4 proteins were not affected by a lack of Mn, the expression of At-
NRAMP4 was induced under Fe-limited conditions [64]. In Arabidopsis leaf
mesophyll cells with the nramp3 and nramp4 double mutants, Mn concentra-
tions were similar to those in the wild-type plant cells, while an increased accu-
mulation of Mn in the vacuoles was observed. In the case of an Mn deficiency,
diminished growth was observed in the double mutant. This was correlated to

reduced photosynthetic activity caused by a shortage of Mn for the formation of
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OEC complexes in PSII [43]. In addition, those two proteins also regulated the
exportation of Mn from the leaf vacuoles to the seeds. Thus, the absence of Az-
NRAMP3 and AtNRAMP4 affected nutrient distribution in the leaves and up-
take by seeds. Some transporters observed in seed subcellular components are

shown in Figure 3.

3.2.4. Quantitative Trait Loci (QTL) and Candidate Genes Associated
with Marsh Spot Disease Resistance and Mn Deficiency

The inheritance of marsh spot resistance in beans (. vulgaris) has rarely been
reported. However, a recent genetic study of marsh spot resistance in cranberry
common bean used joint segregation analysis of a biparental population of 138
recombinant inbred lines (RILs) derived from a cross between a resistant culti-
var “Cran09” and a susceptible cultivar “Messina” [14]. The results based on 10
site-year showed that marsh spot ratings of disease incidence and severity were
fairly stable and highly heritable with a high broad-sense heritability (>80%).
Resistance was controlled by four major genes with additive-epistasis effects
[14].

Some major and minor QTL associated with Mn efficiency-related traits have
been reported. With the help of inductively coupled plasma (ICP) spectropho-
tometry to measure Mn concentrations in common bean seeds, Blair, ef al. [67]
detected three QTL that were associated with Mn concentration. Leplat, et al
[68] performed chlorophyll a fluorescence analysis on 248 barley varieties, which

were cultivated in six low Mn concentration fields for quantifying Mn deficiency.

43/2"( ® on

Vacuole
APAMT1 .
Ty A
= 0,

Figure 3. Subcellular components of Mn transport genes in plant seed cells. OsYSL2 par-
ticipates in the Mn-Na complex from the apoplast to cytoplasm. Then, AtECA3 partitions
Mn in the vesicles [65]. AtMTP8 and AtNRAMP3/4 are two transmembrane proteins,
which are responsible for the import and export of Mn from the vacuole. Golgi secretes
vesicles with the help of AtMTP11 [66]. AtPAM71 is an essential protein in the absorp-
tion of Mn by the thylakoid. Although Mn widely exists among subcellular components,
some of the proteins (coloured in grey) involved in Mn transport are still unknown.
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Using the genome-wide association study (GWAS) they detected 54 QTL related
to the generation of PSII subunit proteins, germin-like proteins, and Mn supe-
roxide dismutase.

Most studies have focused on Mn accumulation in plant seeds. A total of six
QTL that control Mn concentration in lentil (Lens culinaris) seeds were identi-
fied using linkage-based mapping of 120 lentil recombinant inbred lines (RILs);
these major QTL explained 15% - 24.1% of Mn concentration variation [69]. Ten
QTL for Mn concentration in canola (Brassica napus) seeds were detected, which
were distributed across 8 chromosomes, and explained 9.1% - 16.4% of the total
variation [70]. In a study of Lotus japonicus, two QTL associated with Mn con-
centration explained 35.2% of the phenotypic variation and were identified on
chromosomes 1 and 2 [71]. Using RILs derived from a cross of 93-11 with PA64s
(with a high grain Mn concentration), one major QTL controlling Mn accumu-
lation in rice grains was identified [72]. Some of the QTL mapping studies re-
lated to Mn efficiency are listed in Table 2.

Table 2. QTL loci and candidate genes related to Mn efficiency.

Species Trait No. QTL Chr Material Potential functional gene Marker Method Reference
Phaseolus .
. Seed Mncon. 3 Chr1,5,8 RILs SSR, RFLP CIM Blair, et al. [67]
vulgaris
Lotus Klein and
i i Seed Mn con. 2 Chr1,2 RILs SSR, dCAPS MQM
Japonicus Grusak [71]
Lens culinaris Seed Mn con. 6 Chr1,3,7 RILs SNP CIM Ates, et al. [69]
X A3, A4, A6,
Brassica CAX, UGP, IRT1, NRAMP> .
Seed Mn con. 10 A10 C3, C8, RILs SNP CIM Ding, et al. [70]
napus and AZR2
Al, A9, A10
Chr1 - 10,
. Seed Mn., Cd. 11 minor, r SNP, InDel, .
Oryza sativa . qGMN7.1 RILs, CSSL OsNRAMP> M Liu, et al [72]
con 1 major SSR
on Chr 7
Oryza sativa Seed Mn con. 1 Chr 4 RILs OsZIP3 SSR GLM, MLM  Nawaz, et al. [73]
AFLP, SRAP,
Brassica rapa Leave Mn con. 2 Chr 5,6 DH ESTP MQM, IM Wu, et al. [74]
AK368229, MLOC 18354.1,
MLOC 38362.2, AK368229,
MLOC 18354.1 (Chl a/b
binding); MLOC 75098.2,
54 (Chla inding) =
AK367749 (Mn binding);
Hordeum Chl a fluor., fluor.), 4 248 Barely
Chr2-7 . MLOC 3173.4, AK374059, SNP MLM Leplat, et al. [68]
vulgare leave Mn con.  leave Mn varieties
con.) AK357955 (PP2C);

MLOC_40094.1 (PSI);
AK251925.1, MLOC_82113.1,
AK249774.1, MLOC_77860.1,
AK369292 (PSII)

Mn con.: Mn concentration; Cd con.: Cd concentration; fluor.: fluorescence; P: phosphorus concentration; CSSL: chromosome segment substitution line;
SNP: single nucleotide polymorphism; AFLP: Amplified fragment length polymorphism; SSR: simple sequence repeat; SRAP: sequence-related amplified poly-
morphism; ESTP: expressed sequence tagged polymorphism; dCAPS: derived cleaved amplified polymorphic sequence; InDel: insertion and deletion sequence;
IM: Interval mapping; CIM: Composite interval mapping; MLM: Mixed linear model; GLM: Generalized linear model; MQM: Multiple QTL mapping.
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4. Conclusion and Perspective

The causal link between the marsh spot and the Mn deficiency has been known
for more than half a century. Mn availability can be a seriously limiting factor
for plant growth, which necessitates the operation of high-affinity transporters
in the roots along with efficient mechanisms for distribution in the plant to cope
with Mn shortages. Crops with improved Mn uptake capacity and use efficiency
will provide sufficient Mn for PSII, increasing their photosynthetic efficiency
and consequently achieving better growth and higher yield. The function, regu-
lation, and cooperation of Mn** transport proteins in different plant tissues ex-
posed to an Mn deficiency or excess should be understood at a transcriptional
and a protein level. Such studies will eventually elucidate the mechanisms con-
trolling Mn acquisition, subcellular compartmentation, and homeostasis in plants,
a knowledge that can be harnessed to develop Mn-efficient germplasm of the
staple crops. In modern plant breeding, molecular markers are often used for
crop improvement. Researchers construct special genetic populations to identify
the QTL associated with traits of agronomic importance. Those identified QTL
further assist breeders in developing better cultivars with high resistance to dis-
eases such as marsh spot. This review on marsh spot and its causal factor, Mn
deficiency, may help to further identify and validate QTL in plants, especially
common beans. High accuracy and confidence in cultivar selection based on re-
lated QTLs will profoundly reduce breeding costs and enrich quantitative agro-
nomic traits. Since Mn deficiency is a worldwide issue, highly resistant cultivars

would significantly improve the yield and seed quality of the crops.
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