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Lupins (Lupinus spp.) are grown as annual cool-season grain legume (pulse) crops in all continents apart from
Antarctica. The main production areas include countries surrounding the Mediterranean Sea (European, North
African, and Middle Eastern), northeast Europe, the Andean region of South America, southern Australia, southern
Africa, and southeast USA. The most important, widespread, and damaging viral pathogen of grain lupins is bean

yellow mosaic virus (BYMV).

lupins virus BYMV disease yield losses breeding

| 1. Introduction

Lupin grain is used to feed humans not only directly but also indirectly by providing feed for domestic animals and
fishmeal in aquaculture. Depending upon the world region, they are grown as summer crops where the climate is
temperate, as winter crops where it is Mediterranean or subtropical, and as wet season, high altitude crops where it
is tropical at lower altitudes WZIBIMBICINE From 2014 to 2021, the 10 countries that produced the most lupin
seed, which are located in Australasia, Europe, South America, and Africa, produced a combined 1.1-1.6 million
tonnes of seed annually 2. The main species cultivated for their grain are narrow-leafed lupin (L. angustifolius),
white lupin (L. albus), yellow lupin (L. luteus), and pearl lupin (L. mutabilis). Both pearl and white lupins were first
domesticated to produce land races in their centres of origin in the Andean region of South America and the
Mediterranean region, respectively. The centre of origin of both yellow and narrow-leafed lupin was also in the
Mediterranean region. Of these four species, pearl and white lupin were first domesticated >2,500 years ago,
whereas narrow-leafed and yellow lupin were domesticated recently in northern Europe (Baltic countries and
Germany) BIBIBIFROIMLL | ypin land races show evidence of early farmer selection of beneficial traits, such as
drought avoidance, reduced vegetative growth, permeable seeds, and greater seed size. However, full
domestication of crop lupins requires crossing programs designed to increase other key domestication traits, such
as vernalisation insensitivity, low alkaloid levels, early flowering, non-shattering pods, yield stability, and pest and
disease resistance, so this did not commence until the early 20th century. This was in Germany in 1928, when the
first alkaloid-free lupin plants were isolated WIZBIBIALZ Although the rough-seeded lupin species sandplain lupin
(L. cosentinii) was domesticated in the 1970s in Australia, it currently only persists in pastures as feed for domestic
animals WEBIBIEIIZILS] Additional lupin species that are recently domesticated, under domestication, or potentially
suitable for domestication include three other rough-seeded lupin species, L. atlanticus, L. pilosus, and L. digitatus
BICITRAIS and L. hispanicus, which resembles yellow lupin . Lupin species grown as ornamental plants include
yellow and pearl lupins, L. pilosus, L. hartwegii, L. polyphyllus, and the interspecies cross L. polyphyllus x L.

arboreus B,
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Lupins not only tolerate growing in poor, nitrogen-deficient soils but also contribute nitrogen to the soil, making
them ideal for sowing in rotation with crops unable to fix nitrogen. However, they also suffer from diverse abiotic
and biotic constraints that limit their productivity BIEBIBIBIIL2MLGILY Amongst these constraints, disease is a major
contributor, as lupins become infected by a wide range of fungal and viral pathogens that diminish both the yield
and the quality of their seeds 18I[AR20N21[22] The magnitude of the disease-induced losses in seed yield and
quality that develops varies between different cultivated lupin species, pathogen species and types, climatic
differences, and world region [18I[121[20][21][22]

| 2. Bean Yellow Mosaic Virus

The most important, widespread, and damaging viral pathogen of grain lupins is bean yellow mosaic virus (BYMV)
(18] Although BYMV causes a mild disease in pearl lupin, a damaging disease develops in the other four cultivated
lupin species (Table 1). Its principal foliage symptoms vary between lupin species: pearl lupin—mild mosaic and
slight plant stunting; yellow lupin—narrowing of leaflets, vein mosaic, bunchy growth, and plant dwarfing; and both
white and sandplain lupin—severe mosaic, necrotic spotting and deformation of leaves, and plant stunting (Figure
1A-C) 18 In narrow-leafed lupin, BYMV symptom development depends upon the virus strain present (necrotic or
non-necrotic) and the growth stage when infection occurs. Early infection with the necrotic strain causes bending
over of the shoot tip, necrotic stem streaking, and plant death (Figure 1D,E), whereas late infection of mature
plants remains restricted to one or some branches, which develop black pod syndrome (BPS) and/or systemic
necrosis (Figure 1F) 281231 |n contrast, the necrotic phenotype is lacking when plants become infected by the non-
necrotic strain, which causes mosaic and stunting symptoms (Figure 1G) (2425 The earliest reports of virus
symptoms resembling those caused by BYMV were in yellow lupin in Germany in 1929, in Argentina in white lupin
in 1932, and in narrow-leafed lupin in New Zealand in 1934. During the period from 1938 to 1960, typical BYMV
symptoms were reported under different names in plants of these three lupin species in Europe, Australasia, North
America, and Southern Africa. They were also reported in pearl lupin in Australia, New Zealand, and South Africa,
and in sandplain lupin in Australia 28, Because it occurs worldwide [28127128] BYMV infection poses a serious
threat to the lupin crop wherever it is grown in the world. It infects many species of flowering plants (both monocots
and dicots) and causes damaging diseases in legume species [28128129130] ¢ js vectored non-persistently by >50
aphid species, including Myzus persicae, Aphis craccivora, A. fabae, Acyrthosiphon kondoi, Acyrthosiphon pisum,
and Macrosiphum euphorbiae [18129130131] |t is readily seed-borne in yellow and white lupin, and sowing their
infected seed stocks creates primary infection foci from which aphid vectors spread the virus within the crop. In
contrast, seed transmission has never been found in narrow-leafed, pearl, or sandplain lupin. Therefore, with them,
lupin crop infection depends solely on aphid vectors bringing in BYMV from infected alternative hosts growing
nearby, such as legume weeds, pasture plants, and crops 28132 Weather conditions that promote aphid build-up

both before and during the growing season (especially rainfall and warm temperatures) favor its spread within lupin
crops [22]33],
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Figure 1. Plants of different lupin (Lupinus) species with foliage symptoms caused by infection with bean yellow
mosaic virus (BYMV) (A-G), or being screened for BYMV resistance in the field (H). (A), Plants of yellow lupin (L.
luteus) with typical narrow-leaflet symptoms and reduction in leaf size (South Perth 1995). (B), Plants of white lupin
(L. albus) with typical leaf symptoms of mosaic and deformation (front) and unaffected plants with larger dark green
leaves (behind) (South Perth 1997). (C), Plant of sandplain lupin (L. costentinii) with typical leaf symptoms of
severe mosaic and deformation, and reduction in size (front) with unaffected plant (behind) (South Perth 1989).
(D), Plant of narrow-leafed lupin (L. angustifolius) with typical initial early necrotic strain symptom consisting of
shoot tip bending over (‘shepherds crook’) (South Perth 1989). (E), Three plants of narrow-leafed lupin killed by
early necrotic strain infection (right), and healthy plant (left) (South Perth 1992). (F), Plant of narrow-leafed lupin
with black pod syndrome caused by late necrotic strain infection (centre), and healthy plant with normal-looking
pods (top left) (South Perth 1995). (G), Plant of narrow-leafed lupin with typical chlorosis and downcurling of
leaflets in apical leaves caused by recent infection with the non-necrotic strain (Avondale 1995). (H), Single row
plots of cultivars, breeding lines, and germplasm accessions of different lupin species undergoing BYMV resistance
screening (South Perth 1993). Note the BYMV-infected clover transplants positioned at both ends of each row to

provide a uniform infection source for naturally occurring aphid vectors to spread the virus.

Table 1. Viral pathogens causing diseases in grain lupin species.
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lupin were tested for possible BYMV resistance in Germany, 21 of them had quantitatively inherited partial

resistance, which was linked to reduced seed transmission 3l Similar resistance to BYMV seed transmission was

reported in yellow lupin in Poland ¥4 Within Eastern European yellow and white lupin breeding programs,

therefore, large-scale BYMV resistance screening focused on partial resistance to infection by aphids and

resistance to seed transmission [#2148l46] Thjs was achieved by field exposure in the presence of ‘spreader rows’

sown with BYMV-infected lupin seed or spray gun inoculation 42,
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resistance to BYMV transmission by aphids found previously in yellow and white lupin in Europe (see previous
paragraph) 47481 SHR (i.e., the typical systemic necrosis and plant death syndrome that results from early BYMV
infection) was exhibited by all of the numerous narrow-leafed lupin lines evaluated, apart from accession P26697
Zm:d ORI BRELANGS IR BT 453707 13 VEO BPRRAN: alvidys BRI o hern B G dRShe HORPEA Higlive 2BIS)
[PBReAa C = YO TRIAR Ly (& Rl RGN CHEE AN WAL 7 TP B R P YOG s (iR P RHBE Rt iR LS
gHPéHba [P ok blesrr M 'Rl Qg P HNGRSSE SRR Atk SRHEE BARYFain solates were aphid-inocuiated

[371[38][39][40][41][42][43][44][45][46][47][A8][49][50][51][52][53][54][55][56][571[58][59][60] -
to plants of narrow-leafed lupin cultivars Danja and/or Merrit and %?%[%23%%1%" gﬁr&‘?Brdlg%thsalF'gfdtHB

Héecfs{ﬁr%ﬂ%?nl'%@}gt%é:%m%ﬁg %?‘tfﬁe non-necrotic strain isolates) elicited SHR phenotypes when inoculated to

Danja or Merrit (Figure 2E) [22 |n contrast, only two of the necrotic strain isolates (neither of which came from

lupin) and none of the non-necrotic strain isolates elicited SHR phenotypes when inoculated to 90L423-07-13 or
P26697. This suggested the presence of two putative strain-specific, independently inherited SHR genes and four
BYMV strain groups (= pathotypes). Strain group 1 contained the two isolates that elicited necrotic phenotypes with
both putative SHR genes. Strain group 2 contained the isolates that elicited the putative gene in the two cultivars
but not the putative gene in 90L423-07-13 and P26697. Strain group 3 is made up of hypothetical isolates that only
elicit the putative gene in 90L423-07-13 and P26697. Strain group 4 contained isolates that elicited neither putative

gene, and therefore always caused non-necrotic phenotypes (= the non-necrotic strain 23],
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Figure 2. Plants of the rough-seeded lupin species sandplain lupin (Lupinus costentinii) or narrow-leafed lupin (L.
angustifolius) being screened for resistance to the necrotic strain of bean yellow mosaic virus in the field (A-D),
and plants of narrow-leafed lupin infected with its necrotic or non-necrotic strains being evaluated for symptom
expression in the glasshouse (E) or their patterns of spread in the field (F,G). (A), Single row plot of sandplain lupin
with all plants infected showing symptoms of severe mosaic and leaf deformation, reduction in leaf size, and
stunting (South Perth 1995). (B), Plants of narrow-leafed lupin closest to infected subterranean clover transplants
showing systemic necrotic symptoms after being the first ones to become infected (South Perth 1992). (C), Row of
infected narrow-leafed lupin plants showing systemic necrotic symptoms (South Perth 1992). (D), Row of narrow-
leafed lupin germplasm accession P26697 in which plants show systemic mosaic and leaf deformation symptoms
without necrosis (centre), and rows of other accessions killed by infection (front and on top left behind) (South
Perth 1995). (E), Plants of narrow-leafed lupin cv. Danja (2/pot) left uninoculated (centre), and aphid-inoculated
with the necrotic strain (left) or the non-necrotic strain (right). Infected plants both killed (necrotic strain) or severely
stunted without any necrosis (non-necrotic strain) (South Perth 1994). (F,G), Plots of narrow-leafed lupin cv.
Gungurru within which necrotic or non-necrotic strains were being spread from centrally placed infection foci
(infected clover transplants) by naturally occurring aphids (Avondale 1999). (F), Slow, localized spread of the
necrotic strain killing plants in the plot central region. (G), Faster spread of the non-necrotic strain causing more
widespread infection of plants that became stunted without developing any necrosis. Stakes mark individual
infected plants.

Proof that the putative SHR gene present in Danja and Merrit exists was obtained following inoculation of a strain
group 2 isolate to F2 progeny plants of six different crosses 62, A 3:1 ratio for necrotic:non-necrotic phenotypes
was obtained with the crosses 90L423-07-13 x Danja, 90L423-07-13 x Merrit, P26697 x Danja, and P26697 x
Merrit, but entirely non-necrotic or 99% necrotic phenotypes were obtained with 90L423-07-13 x P26697 or Danja
x Merrit, respectively. This single, independently inherited, dominant SHR gene was named Nbm-1 (62, Moreover,
evidence was obtained that independently segregating modifier genes present in the genetic background altered
necrotic phenotype expression elicited by Nbm-1. This was because in F2 progeny plants derived from crosses
between parents with and without Nbm-1, the delay between inoculation and the plant being killed varied markedly
from plant to plant 2. This delay was most evident when P26697 was a parent. Proving that the second putative
SHR gene exists would require inoculation of a subgroup 3 isolate to progeny plants of similar crosses. Because all
narrow-leafed lupin genotypes apart from 90L423-07-13 and P26697 developed SHR when infected with necrotic
BYMV strain isolates from lupins, there is no need for active Nbm-1 gene incorporation into new narrow-leafed
cultivars. However, the inadvertent selection of new cultivars that behave like 90L423-07-13 and P26697 should be
avoided when advanced narrow-leafed lupin breeding lines are screened for BYMV resistance in the field.
Furthermore, a search for resistance to the non-necrotic BYMV strain would be worthwhile as, by spreading faster,
it causes greater yield losses 63, Both Nbm-1 and the second putative SHR gene were absent from other
cultivated lupin species as, during routine BYMV resistance screening, the rapid necrosis followed by death
syndrome never developed in any of them 23, The suspected quantitatively inherited partial resistance trait in
narrow-leafed lupin was characterised by the need for inoculation by many more viruliferous aphids to establish

necrotic phenotype infection successfully and was unrelated to aphid susceptibility, flowering date, or alkaloid
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content 28], Breeding line 84A086-5-20-31 had outstanding partial resistance of this type both under routine BYMV
field screening conditions and in larger-scale field evaluations. Therefore, it seems likely to be a suitable parent for

crosses focused on breeding narrow-leafed lupin cultivars destined for BYMV-prone regions 221481641

The question arises as to how the presence of the SHR gene Nbm-1 would be beneficial to narrow-leafed lupin
crops growing in the field despite the rapid killing of plants infected early by the necrotic strain, which then produce
no seeds. The answer is that instead of intervening to prevent virus spread at the level of individual plants, SHR
does this at the plant population level. Thus, the killing of plants infected early by the necrotic BYMV strain
prevents them from becoming a virus source for further spread by aphid vectors (Figure 2F) [62I68I67I[68] |
contrast, because the non-necrotic strain breaks this resistance by overcoming Nbm-1, lupin plants infected with it
remain alive throughout the life of the crop, acting as sources for further virus acquisition and spread by naturally
occurring aphid vectors, which results in many more infected plants (Figure 2G) 8167 The greater yield losses
caused when the non-necrotic strain infected more plants was demonstrated clearly in large-scale field
experiments in which both strains were introduced into narrow-leafed lupin plots and allowed to spread by naturally
occurring aphids 3. In contrast, when both strains infected subterranean clover plants, the necrotic strain
outcompeted the non-necrotic strain. This explains why there are always more primary infection foci of the former

than the latter when BYMV spreads from BYMV-infected subterranean clover pastures into narrow-leafed lupin
crops [241[25],

When late infection with the necrotic BYMV strain occurred in narrow-leafed plants in the field, cv. Mandellup was
ranked as more ‘BPS-susceptible’ than cv. Jenabillup 2. However, sap inoculation of the necrotic BYMV strain to
plants at different growth stages failed to confirm this because, although its development was slower in Jenabillup
than in Mandellup, the BPS symptoms that formed later were as severe as those in Mandellup 3. Despite this
finding, the slower BPS development in Jenabillup might still be a trait of interest for future breeding for BPS
resistance in narrow-leafed lupin. Therefore, further studies on BPS are warranted, including obtaining an
understanding of its genetic basis (likely polygenic) and the mechanism responsible for it (e.g., mature plant

resistance or partial resistance to systemic infection via the phloem) 231,

The possibility of using genetic engineering to introduce BYMV resistance to narrow-leafed and yellow lupins was
also investigated 971l Different protease (Nla) gene constructs derived from BYMV were introduced to both lupin
species. However, when later generation transgenic progeny plants were inoculated with BYMV, only partial
resistance (slow systemic movement) was found. This was restricted to some yellow lupin plants but was absent
from any narrow-leafed lupin plants 28] |n addition, a synthetic ‘hairpin’ construct derived from the replicase
(NIb) gene of BYMV was introduced to plants of narrow-leafed lupin cv. Wonga 4. When the progeny plants of
forty-five lines with this construct were inoculated with BYMV, seven of them had extreme resistance. However,
when later generation progeny plants were tested, the resistance derived from the NIb gene construct had become

silenced 491,
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