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Abstract Calculation of the area under the disease-pro-
gress curve (AUDPC) as a measure of quantitative dis-
ease resistance entails repeated disease assessments. For
typical sigmoid disease-progress curves, repeated assess-
ments may be unnecessary. A mathematical procedure is
derived for estimating the AUDPC from two data points.
A field trial with ten cultivars with and without the gene
Yr18 for resistance to stripe rust were inoculated with
two pathotypes of Puccinia striiformis (from the culti-
vars Karamu and Oroua) and assessed for the percentage
leaf area infected seven or eight times during the grow-
ing season. The AUDPCs were calculated directly from
data and estimated from the described equation. Calcu-
lated values were plotted and ranked against estimated
values, and excellent correspondence was obtained
(Spearman’'s Rank Correlation in the Karamu trial=
0.9879 and the Oroua trial=0.9515). Therefore, an esti-
mation of the AUDPC from two data points provides an
equivalent amount of information as from repeated as-
sessments.

Keywords Disease assessment - Quantitative resistance -
Puccinia striiformis f.sp. tritici - Wheat - area under the
disease-progress curve

Introduction

Plant-disease epidemiologists have long been interested
in the temporal increase of disease as characterised by a
disease-progress curve. Simple descriptive growth mod-
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els have often served to characterize the overall patterns
of disease increase in time (Pennypacker et al. 1980;
Berger 1981; Luke and Berger 1982; Thal et al. 1984;
Subba Rao et al. 1990) or in time and space (Berger and
Luke 1979; Jeger 1983; Headrick and Pataky 1988;
Damicone et al. 1990). In some cases epidemiologists
have used these models to estimate rate parameter, or
other disease-progress parameters that may be of use in
identifying cultivars that express different patterns of
disease progress in the field (MacKenzie 1976) or how
these patterns may be influenced by different compo-
nents of partial resistance (Das et a. 1993; Aquino et al.
1995). Leonard and Mundt (1984) related the rate of dis-
ease progress to changes in the components of quantita-
tive resistance, but during the exponential phase of an
epidemic only.

In at least two areas, those of crop-loss assessment
(Ferrandino and Elmer 1992) and field assessment of
partial or quantitative resistance, the use of disease-pro-
gress data has been developed further through the calcu-
lation of the area under the disease-progress curve
(AUDPC). This measure has been used to average out
the undoubted variation and idiosyncrasies (Royle 1994)
often seen in disease-progress curves, and also to inte-
grate all aspects of disease progress in relation to host
development and growth. Most applications have been
made in field assessment of high levels of resistance.
Techniques for calculating the AUDPC are based on
simple formulae (Wilcoxson et a. 1975; Shaner and
Finney 1977; Bjarko and Line 1988; Das et a. 1992
Chen and Line 1995; Miedaner and Sperling 1995;
Broers et al. 1996) such as the trapezoidal rule for calcu-
lating areas. In a different context, the area under the lin-
ear-regression function of genotype yield against an in-
dex of environmental productivity has been proposed as
a selection criterion in plant breeding (Hernandez et al.
1993).

A representative range of publications concerned with
the assessment of quantitative resistance using AUDPC
is summarized in Table 1. These publications all ded
with foliar fungal pathogens on annual crops, where



33

1 97ep JUBLLISSaSSe
uo Alnas asessip=5q

‘1 97ep JUBLLISSaSSE Lo U017 |Nd0u |l

Jo1je shep Jo lequunu="

‘SjUBLUSSaSSe JO Jaquunu=u

(966T)

‘eRSiolg  awos z/[sa+ @+ nsalx[i-G+ _Ew_

(108y0 a1gndeasns
ay1 jo afejusased) Ddany

(G66T) ‘e PEN ON BAIRR o) S passaldxe ‘L AWINID

(€66T) ybuis ON (paesseudxe 10u) LAININID

[popPJ028.1 Sem asess Ip Yo Iym uo
S97ep JO Jequinu=u ‘Aep Y=

91ep Y11 8y} uo Aliienaes 1snu Jea|=x
=

A=+ S_wc

(266T) ‘RBSR@ BwWoS

N1 JO
SUOITeN [eAS SAISSI0INS JO Joquuinu=)
I 599M 4O pud 3U} e A1LioAss 1sni=

(548

SUOI1eAJSSCO JO Jequunu [ejol=u
uoreAJesqo Yy ayl e (shep) swin="x
‘Uo RSSO0 Uil By} Je

(G26T)
‘e 10 UOSX02| M\ ON

senRI Aep

-7 12 SSWI BUIN ‘€IS
seAsiul Aep -G e sawin
(¢ wewedx3) xis Jo (T
wewledx3) anld 'z 8lis
SeAlul Aep

-/ 1esaW Jno4 T 8lIS

A15eAss 9%400T

payoesl pey feAlnd
8|qndsasns ay)

uaym Bunres seaLul
Aep-0T e saw 8.y L

(ebers

Bulemo|) are| 01 swoldwAs

1s11} Woly) sl
Aep-QT e sewf sy L

uoIre|nooul e shep
-TT 3w 1811} 'SeABWI
Rep-/ e sswin sauyL

SeARWI
fep-/ Te sswiy Ino4

aung Ajxes
Buysiuy pue ke |y

aw ) 1sulebe passalfal
pue s1160| 03 pawLiojsues}
sem 10|d yaes o}
K11lonss asess Ip abeeny
Talsulse ;gals

s

Ud] Jo sonea| om Jaddn
ay1 uo A11BASS :Z 3lis
s

GT J0 Sanea| om] Jaddn
ay1 uo A1enss (T a1

101d
yoes Jo} passasse A11Jenes

sanea| Be|} uo papJodal
adAy uondejul pue AlleAeS

joid yaea joajppiw

QY1 U1 sanes| e} usl uo
passasse (edA1 uonJeal pue
anfeAabesnre) Allones

a[eos
gqoD patjipow e Buisn ||y
yoes Uo passasse A11ienas

101d
Jod syue|d aAl1) 10} sones|

Wwew Ledxe auo

u1saReol|dal N0y pey € S ‘B1S
Jad sareoldal 3a1y) Y1im yoea
SuBW LIBAXS 0M] pey Z pue T
SO1IS 'SAMS PPy 8d.Yp Ul pajue|d
M SJeANND TeayM pealq ua L

soledl|dos OM) pue SalIs

OoM] ‘STeaym plodexay d1syluAs
/92 pue wnpifin} -1 jo

Saul| FE Ym wawiLisdxe ppiH

10|d Jod SmoU-W-T oMm1
pue ‘saredi|dal 8.1y} ‘Sienn|nd
9z Yum uswLiedxe ppi4

smoJ Buo|-w g'T ulaul| jed
SPSsS O PUe Seteo |0l 83y
almamyl °4ay) 0)saiusboid
pue syeed ‘soLiss pIRIp

B U] pass0J0 SJeAR|ND Jeaym
Bulids XIS Y1IM N0 palied
oM Sluaw 1Ladxa pp1) oM

sadAjoyted Jo sanixiw Jo

adAoyred a|Buis e yiim paenooul

9JOM S10|d 'SuoITedI[dal U] YlIm
(I1y Jed spass gT) sio(d ||y

U1 paiue|d SUOIRI0| [eJRNSS e
S1eah € N0 siusw Ledxe pRI4

ubsep 10(d-Hjds e ul
pabue.fe SluawTeal] JeAll|Nd

NN
0s") SILLIOYIIS
©|u100Nd— 1SYM

N1 "ds* s
-Jo}I1JIs eluaNd
— (piojdexay
o1BLYWIAS) TeaY M

Ny
'ds’} B} IpUODS
'lunoNd — FBayM

L
s’ e1Ipu0a.
BluodNd — Jesymn

Ny
‘ds*ysiuwrep
©lu1ond — sy

(1un sed) A1llonss map|ILU='A Ajed — |udy Jo pus Jno} Jaddn ayy Jo yaes pue usboau ‘(w 2) s1oid 014
(226T) fBUUH | vt TS Bunfeis spealoul Aeep  10J passasse (paJonod eare MOJ-IN0J Ul SReAINd OM] YlIM ‘ds’ysiuwrep
peswess  ssa [X="X][z/(A+T cc_w -, BSWNXS 09N 9] %) AIleres Mp|IN SIeak Jono Jewedxe ppld  sydsAig - Jesum
Juasaud
epp sswi
Kenss Usiul} pue sswi 1els

2oUsRIeY 8sessiq 2ddny ayi Jo} e nuiio

‘[eAJIUI ‘SIUSLISSSSS Y

1un ‘poymew Buljduwes

uos Lledwod Jo poyle N

uaboyred pue 1soH

pa1oda. Sem 80URIS IS8 8sessIp 10} BuIpsaIg Ul DddN Y 8yl J0 8sn yoiym ulsuoirealgnd peoees T a|gqel



34

(066T) siuure b
Jewny||Iuy SeARI Jea| yJea uo aduspioul sareol|dal aAl4 ‘saul| wise|dwieh aydisAig
pue nfey SOA (G/6T) "o 1 UOSXO0D|IM JO B|NLuIoS Rep-p—¢ Te sew Ino- pue Aiienss map|in 0Z YHm Jusw Lisdxe esnousse |9 —eadmoD
po10BjulBae o suew Ledxe
SeARUI Jo afejusoled ‘yue|d suo wooJ-ymmoJb pue pplj Joj}
Aep-/ Te sjuawssasse Jo sereol|dal Jnoy pRIH o109 [8S 8.JoM 8S0U} JO Ajuam |
aulu ppH pol1oajulBae 2o ‘asnoysse | Ul IN0 paLLed aom
'SeARIul  afelusdled ‘samedi|del a1yl WINJUS [NJSa * Y1IM S3SS0.0 eusbiny
(s66T) Buepn (226T) Rep-z e syuewssasse ‘uoissaode Jad sbulpsss 1By} Jo uod s jadoak plim ©10ds0.J900pnasd
pue vewleH  awWos Asuu 4 pue Joueys Jo enwiio USASS :WI00J YIMOID XIS :WO00J YIMoID JO SUOISS99Te 0Z9 4O [e10] VY —oewo]
SueIsaul
(S66T) UbuIS (226T) SeARWI Aep lo/d Jed siued (z2 SorR0||dRl 891U} ‘'SR D eJoyydoryd
pue vewylig ON Asuu 4 pue Jaueys Jo enwiio- -0T T2 SJUBWISSasSe XIS JO) Ot U0 passasse A111enas 9T Ym Juawi iedxe ppIH — orl10d
uolie|nooul Jere
sAep 0z ‘9T 'ST'0T ‘6 ‘2 ‘9 (Sveld 008E) SOUI| OM) LBBMIB]
SIUBLLSSaSSE UBNSS S3550.40 JO PRISISU0D JusW LIedXe
:Z uaw Lledxg puodss 8y ‘suoledi|dal oAl
uole|nooul e1e y1im ubisap »201|g-a10 [dwiod
skep 0z ‘8T ‘ST '€T'TT 'L 'S PeSILLOpURI € U1 SBUl| pue winlopou
(e66T) (226T) ‘SIUBLUSSISSE LRSS sones | fe|y pue SIeAND €T PapN{oul S48y L elodsouobers
B 18 oImIsog ON fsuu 4 pue Jeueys Joenw.io4 T wewRdxg  soyids uo passasse Allenes ‘sjuswi Liadxa asnoysse |6 oM | — UM
we|d jed anpea
Aianas map| i abelone ubsap »o0|q 210 |dwiod
Ue UBAIB pue paenerd pesiwopuel e Ul samedl|dal
alm jue|d yaes Jo 39JY1 2/oM a8 | 'SUCSEsS OM)
sones| arewn|nuad [elenss Bulnp pe14ayl ul UMos alem
‘Jeak puz 8yl Ul ‘1eak suolre|ndod ¢4 pue 4 ‘sjussed
18413941 Ul syue(d snotoBia 1O SPa3s puUe Pass0.0 a.oM
(v66T) Aol SeAlBIUl Al JO SNes| Bfew ynuad SIeayMm Biuim Jueisisal-ive|d DI “ds “)siueIf
pue seg ON (886T)3ulT pue oxlelg joe|nuiod Rep-/ TesswinsaiyL 8y uo passesse sem A1Leres }Npe XIS pue 8q1dedsns auQ elsun|g — Fesym
S$300]q PSS IWopuel
8Alj Ul pRl 8yl Ul pejue(d alem
T+19%ep pue suoie|ndod ss0.10x%eq
1 91ep Usamiag sAep ulawn=" uoIfewio suUe ] Uisose pue “q ‘14 ‘lueted ay) Jo
197ep Uo ue Buisn pabueyo semerep SPa3s [eNPIAIPU| 'SUO 172U IGUIOD
Aisualul 1snJ pawiojsue.) ayl=x (snBny 8 8yl JoaedIsay)] ‘painsesw  |[e Ul apew 8JoM Sass0.0 [220.4d 1091
(886T) 8UIT _ ) S pue ; pue Ainp semsje(d enpialpul  pueasnoysse(be ul pajueid sem 1913113 s’} BIPUCDD.
pue oxrelg SOA e/ (™ + X)) TE ‘Y2 ‘LT 'TT) Sown XIS uo Ajisusiul 1SNy SIeA|ND TeayM XIS W04} Paas Blu109Nd — oy
Jussaud
eep sswin
Kenss Usiulj pue sawiy 1eis
dUBRPY asessiq 2ddny ayi Jo} ge|nwiio4 ‘leARIU ‘SIUBLLSSSS i 1un ‘poyew Buidwes uosiredwod jo poyweIN  usboyred pue 1SoH

penupuod T a|qel



35

(S66T) Buljeds
pue JeuepaI N

(c66T) ‘BB
joore A feyBes

(S66T)
au1T pue usyd

T-19ep puelaep Ussmisg

sAep ulawn=" ‘aep JusLUSsasSe
yiays 1e Buires 1sni fes|=x

‘S9Tep JUBLLSSASSE JO Jaquinu [e10l=u

°N Oxfgox (Fx+ ._xv_ﬁw_
(2267)
awos fduu 4 pue seueys Joenwio4

810U UIT +1 8y} pUe 310U Y31 8y}
useMiaq sfep Jo lequinu ayi=(-""4)
310U YIT +13y} Jo Auisuequl 1sni="*x

ON ‘810U Y1lay) Jo A1isueiul s ayi=x

(=[x + %)L

SolIs eI
Ul pasn awios Ajuo
INQ SIUSLUSSaSSe N0+

shep g AJlona sowiiy ua) Io
sAep GE JBN0 SsaW BuIN

SaWN 89JY) Jo oM

SfeARUI Aep-,
e sawi XIS paJnseaw
sem A11iones

sfeARul
Aep- e sawin usy (|
90URJsaUBS 01SUBIS

1SJ1} WOl SeAsI

Kep-, esswnzr ordn ;|

10|d Jod

SJo||1} Us) Ul sones| salu}
Joddn ay) uo Apmreredss
USAIB Buipel 1sni jea| ues |\

10/d Jod syjued

¢T J0 yJes ul pessesse
91035 Xopul-aseasIp
pue A1enss asessiq

s10|d J0o} painseaw A11LieASs
pue sadA1 uonoeju|

1eays Jes| feyy

a1 uo pue ajounpad ayl

uo passasse A11Ass 1snd
wielsS 'sanea| arew iijnuad
pue Be(y Buiai sy uo

puUe swind |fe Uuo pajunod
BIUIPSIN 1SN JBB| PUR WIS

passasse ppIA pue
SSaueM Jes| ‘aintesedwel
OS[e ‘suonoalIp

Inoj ursouessip Buljdures
yJes e pue 824nos uiod
31 punoJte sie||i aAlj uo

Soe01|dol 921y} ‘sass040 9 |Bus
ue} Jo siusw LRdxe pell 8y L

Saul| paJqul (sa7e01|da)
8143) 6T J0 (sareol|dal om)
USASS JO Sluawi Liadxa ply om]

uoire|ndod ¢4 ay1 01

$9550.0 Jo AusBo.d pue siuered
[eJONSS U0 A11IoNaS aseasp
SSasSe 03 JuaW LIBdXe PR 1) BUD

ewedxe Jad sjod
BY-7'0 OM] ‘SJeak aA1INd8suU0d
ulsiuaW LRdXxe pp1) oM |

pealds eiodwei-oireds Apnis
01 SJeA|ND 82141 YIIM puodss
ay} pue ‘yuawdo pAap asessIp

AiLianss ‘saeol|dal 89JU) ;] U0 UOITR|Nd0UI JO 3l 8Y) JO 109440

passasse s||11 ud) uo
Aianss ‘sareolidal saly ;|

a1 BulApnis JeAl1nd auo yim
s114 'siusw LRdxe pPe 1 oML

SI[edss ds'}
©llpuodal eluioond
-3/l BN

SipAew-aeaz
elodsooe) —azr N

ST
‘ds'y S0y I11s
®1UONd — IBUM

101311} “ds’} B1IpUODS)
BIUIDONd pue

1PN ds’ysiuwe b
'luoond — sy

101314} “ds’} BIIpUODS)
'lu00Nd — UM

(T66T)

JoyredAuued (226T)
pue yrIoo|N  aWwos Aauu 4 pue Jaueys Jo BNw.IoS
(066T) ' (226T)
Poeyeqgns  swos Asuul4 pue Jaueys Jo enwio-

Juesaid

erep

Aonss

aoUsle ey asessig

OddNy =yl 10} sejnuiioH

sswin
USIU1} PUe Saw1) 1els
‘[eARIUI ‘SIUBLUSSSSS Y

1un ‘poyrew Butjduwes

uosLredwoo Jo poys A

uaboyred pue 1soH

penunuod Ta|geL



36

there are many cycles of pathogen multiplication within
a growing season. They cover a range of assessment
methods and sampling frequencies (up to 12 assessment
dates per growing season). In some cases data were pre-
sented graphically, or comments were made on the shape
of the disease-progress curve; many were, or were con-
sidered to be, of asigmoid or logistic shape.

The purpose of our investigation was to determine
whether, for sigmoid curves at least, the amount of sam-
pling and the number of assessments made was actually
necessary to estimate the AUDPC. In cases where a
well-defined period for assessment exists (i.e. in terms
of growth stages), then as few as two assessments are
sufficient to provide most of the information present in
calculations of the AUDPC. We do this by analysing the
properties of sigmoid curves, notably the logistic growth
function, and by reference to data on stripe rust epidem-
ics on anumber of different wheat cultivars.

Mathematical procedures

For any real, continuous function y=f(t) (with y>0) the
area under the function is simply the definite integral
evaluated between the limit of integration t, and T,
where T>t,.
Suppose

- _ 1
y= 1) =15 aet (1)
with A=(1-yo)/y,, wherey, is the value of y at t,=0, and
r is a rate parameter. Conventionally we set t,=0 to cor-
respond to the earliest date that disease is observed in a
crop, and thus to the start of an epidemic. Equation 1 is
the well-known logistic function with y restricted to the
values 0—1, and has often been used to describe disease-
progress curves where disease incidence or severity is
measured as a proportion. The area under a disease-pro-
gress curve described by equation 1 isthen

_ dt
which, evaluated between the limits t=0 and T, and sub-
stituting in'y,
In%hg
=T ) (2)

r
where y; is the value of f(t) at t=T. We interpret T as the
time of harvest, or time of some preceding critical growth
stage. It should be noted that as T increases, y; approach-
es the value 1 and eguation 3 is simply a linear equation
inT.

If we have values for y, and y; and have estimates of
the rate parameter r then the AUDPC follows immedi-
ately from equation 2. An estimate of the rate is obtained
from the formula:

0¥ 0 10 Y O

In
r= |:Il_yTD_I_ Dl—YO ) (3)

Thus, only two assessments of disease are necessary,
one at the start of an epidemic and one at the end or at a
critical growth stage. Equation 3 can actually be inserted
directly into equation 2 to obtain a single expression for
the AUDPC.

Materials and methods

Two autumn-sown field experiments were established (sowing
date 23 May 1996) at Lincoln, New Zealand (latitude 43°38'S,
longitude 152°20'E, altitude 11 m), to determine stripe rust severi-
ty (caused by Puccinia striiformis Westend. f.sp. tritici) on 16
wheat cultivars with and without the Yr18 gene for resistance (da-
tafor ten cultivars are presented in this paper). The spreader rows
of either of the wheat cultivars, Karamu or Oroua, were inocul ated
with the pathotype 106E139A+ (isolated from Karamu) or
106E139A - (isolated from Oroua), respectively. Both pathotypes
were virulent on the genes Yr2 and Yr7 present in some of the test
cultivars (Viljanen-Rollinson and Cromey 1998). Each experiment
was conducted in a completely randomised block design with four
replicates. Each replicate consisted of 16 plots. Each plot consist-
ed of six 1.2-m drill rows; the first, third, fourth and sixth rows
were sown with spreaders (Karamu or Oroua) while the second
and fifth rows were the respective test cultivars. The spreader
rows were inoculated (Cromey 1992) by planting 40 pots of glass-
house-grown plants of the cultivar Tiritea infected with either
pathotype 106E139A+ (Karamu trial) or 106E139A— (Orouartrial)
when the plants at the experimental site had one fully emerged
leaf. Disease was scored on seven (Oroua trial) or eight (Karamu
trial) occasions giving each cultivar a score (percentage of leaf ar-
eainfected) based on the modified Cobb's scale for measuring rust
severity (Peterson et al. 1948), derived from the whole row.

Results

Disease-progress curves for the ten cultivars (means over
replicates) are shown in Fig. 1 using the P. striiformis
pathotype derived from the cultivars Karamu and Oroua.
Data were transformed to logits and estimates of slope
and initial disease (y,) were obtained for each cultivar by
linear regression (Table 2). In al cases statistically sig-
nificant fits were of P=0.05 or greater significance, with
coefficients of determination (R2) ranging from 0.40 to
0.99 with the Oroua pathotype, and 0.66 to 0.96 with the
Karamu pathotype.

The AUDPCs were calculated numerically using the
trapezoidal rule and are plotted for successive assess-
ment dates in Fig. 2. The AUDPC values calculated di-
rectly from the data for all assessments up until day 67,
and those estimated from equation 2 based only on as-
sessed values on days 14 and 67 (Table 3), generally
show a good correspondence (Spearman’s Rank Correla-
tion in the Karamu pathotype=0.9879 and in the Oroua
pathotype=0.9515).

A more-thorough procedure for checking the corre-
spondence between the caculated and estimated
AUDPC is to estimate a matching value for each of the
cumulative AUDPCs in Fig. 2 and plot the estimated
(based on two assessments) against the actual calculated
values. Thiswas done for each of the ten cultivars across
both pathotype sources (Karamu and Oroua) and for



each pathotype source across al cultivars (Fig. 3). The
estimated slopes for the cultivars ranged from 0.83 to
1.85 with R2 values ranging from 0.77 (Avocet R) to
greater than 0.92 (all other cultivars). Figure 3A shows
the calculated values plotted against the estimated values
for trials with the Karamu pathotype across al cultivars.
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Fig. 1 A Disease severity of stripe rust on ten whest cultivars as-
sessed on eight occasions (intervals of 1214 days for the first
three assessments, 6-9 days for the last five assessments; Day 0=3
Oct 1996) using pathotype 106E139A* derived from cultivar Kar-
amu. B Disease severity of stripe rust on ten wheat cultivars as-
sessed on seven occasions (intervals of 11-16 days for first five as-
sessments, 6-8 days for last two assessments; day 0=3 Oct 1996)
using pathotype 106E139A- derived from the cultivar Oroua
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Although, as would be expected, values coincide at |ow-
er AUDPCs there is little divergence between values of
about 10 and 30. The slope of the fitted line was 1.12
(SE=0.04) with an R? value of 0.92. Figure 3B shows
calculated values plotted against estimated values for tri-
as with the Oroua pathotype across all cultivars. By
contrast with Karamu, there was divergence in values
above AUDPCs of about 15. The slope of the fitted line
was 1.02 (SE=0.05) with an R2 value of 0.86.
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Fig. 2 The cumulative AUDPC of stripe rust on ten wheat culti-
vars inoculated with the pathotype derived from A the cultivar
Karamu and B the cultivar Oroua (values calculated from data pre-
sented in Fig. 1)

Table 2 Linear regression of

logit-transformed disease data ~ Cultivar Karamu pathotype Oroua pathotype

(Fig. 1) against time for ten i )

wheat cultivars inoculated with logit Y, R R2  logit Y, R R2

two pathotypes of P. striiformis

f.sp. tritici (standard error in Karamu -5.18(0.800) 0.063(0.013) 0.80 —5.25(0.925) 0.038(0.015) 0.56

parenthesis) Oroua -7.29(0.932) 0.100(0.015) 0.88 —4.50(0.305) 0.060 (0.005)  0.97
WW15 R -5,55(0.668) 0.072(0.011) 0.89 -6.54(1.410) 0.056 (0.023) 0.54
WW15 S -5.,59(0.842) 0.067 (0.013) 0.81 —4.98(0.989) 0.030 (0.016) 0.40
Avocet R -4.46 (0.563) 0.114(0.009) 0.96 —4.86 (0.969) 0.077 (0.016) 0.82
Avocet S -4.77 (0.521) 0.076 (0.008) 0.93 —3.92(0.469) 0.070 (0.008) 0.94
Jupateco R -5.89(0.445) 0.076 (0.007) 0.95 -5.28(0.659) 0.064 (0.011) 0.87
Jupateco S -6.10(0.798)  0.087 (0.013) 0.89 -—4.20(0.222) 0.066 (0.004) 0.99
Thatcher -5.28 (0.607)  0.092 (0.010) 0.94 -3.87(0.338) 0.075(0.006)  0.97
Thatcher +Lr34 -5.27(1.020) 0.055(0.016) 0.66 -4.27 (0.775) 0.054 (0.013) 0.79
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Table 3 Comparison of the calculated (directly from the data for
al assessments until day 67) and estimated (from equation 2 based
only on assessed values on days 14 and 67) AUDPC of stripe rust
on ten cultivars inoculated with two pathotypes of P. striiformis
f.sp. tritici, after 67 days

Cultivar Karamu pathotype Oroua pathotype
Calculated Estimated Calculated Estimated

Karamu 3.88 3.84 1.19 1.23
Oroua 4.48 441 6.97 7.25
WW15R 411 3.99 0.71 1.15
WW15 S 3.70 3.53 1.07 1.46
Avocet R 28.98 27.93 7.31 12.65
Avocet S 11.66 11.00 18.89 14.99
Jupateco R 4.61 4.93 4.92 493
Jupateco S 7.75 6.13 13.16 12.15
Thatcher 12.71 15.34 17.72 18.83
Thatcher +Lr34 2.53 3.70 5.44 4.86

Finally the rankings of cultivars with respect to calcu-
lated and estimated rates of disease progress and the
AUDPC are summarized in Table 4. For the rate parame-
ters there was some discrepancy in rankings for some
cultivars, especially with the Oroua pathotype (Spear-
man’s Rank Correlation in the Karamu patho-
type=0.9636 and in the Oroua pathotype=0.8303). For
the AUDPC there was excellent correspondence between
rankings based on calculated and estimated values
(Spearman’s Rank Correlation in the Karamu patho-
type=0.9879 and in the Oroua pathotype=0.9515).

Conclusions

Disease assessment represents a considerable investment
in time, space, and human resources. There are limita-
tions on how fregquently assessments can be made, espe-
cially in small-plot trials involving large numbers of
cultivars or breeding lines. The use of the calculated
AUDPC has increased in recent years and can certainly
be recommended when, because of either host phenology
or growth, monotonically increasing disease progress is
unlikely. Particularly for polycyclic foliar pathogens,
however, where resistance is expressed quantitatively,
the estimation technique introduced in this paper, based
on as few as two assessments, may provide as much in-
formation as repeated sequential assessments. Three
qualifications should however be made. Firstly, the ef-
fect of resistance should be expressed in terms of the rate
parameter (‘rate-reducing’ resistance) and not the as-
ymptotic level of disease — a complication that may
arise, for example, with adult plant resistance. This as-
sumption was reasonable for the particular trial data
analysed in this paper, but may not always be the case.
Secondly, in the trial data the period of time over which
disease was present in the crop was the same for each of
the ten cultivars. This might not always be the case and
would need to be accounted for in the estimation proce-
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Fig 3 Correspondence between the calculated and estimated
(equation 2) AUDPC of stripe rust on ten wheat cultivars inocul at-
ed with pathotypes derived from Karamu and Oroua: combined
data across all cultivars for the pathotype derived from cultivar-A
Karamu and -B Oroua

dure. Thirdly, where infection is not continuous but de-
pendent upon discrete environmental events, then sig-
moid curves may not arise and the technique introduced
may give anomalous results. Das et al. (1993) also sug-
gested that using a single measurement of rust severity,
measured toward the end of the epidemic, would help in
selecting slow rusting genotypes, if resources were limit-
ed and several disease readings are not available to com-
pute the AUDPC.

Many measures of disease have been advocated for
use in resistance screening, including single-point as-
sessments at key growth stages, calculating rates of dis-
ease development, and calculating areas under disease-
progress curves. Recently it has been found that quanti-
tative trait loci are associated with partial resistance to
barley leaf rust, determined on the basis of the AUDPC
(Qi et a. 1998). We believe that the estimation proce-
dure we describe offers an optimisation of the informa-
tion to be gained from field disease assessments, and the
time and calculation effort required for making the as-
sessments.
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Table 4 Ranking of ten wheat

cultivarswith respect to calcu-  Cultivar r-value AUDPC

L?teerg Znng teril Tﬂtgdprgt %Eiﬁrge Calculated Estimated Calculated Estimated

rust disease progress (Table 2) (67 days, (67 days) (67 days,

equation 3) equation 2)

(a) Karamu trial
Karamu 2 1 3 3
Oroua 9 8 5 5
WW15 R 4 4 4 4
WW15 S 3 3 2 1
Avocet R 10 10 10 10
Avocet S 6 6 8 8
Jupateco R 5 5 6 6
Jupateco S 7 7 7 7
Thatcher 8 9 9 9
Thatcher +Lr34 1 2 1 2
(b) Orouatrial
Karamu 2 2 3 2
Oroua 5 7 6 6
WW15 R 4 3 1 1
WW15 S 1 1 2 3
Avocet R 10 6 7 8
Avocet S 8 10 10 9
Jupateco R 6 5 4 5
Jupateco S 7 8 8 7
Thatcher 9 9 9 10
Thatcher +Lr34 3 4 5 4
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