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Background. Soil moisture deficiency causes yield reduction and instability in faba bean (Vicia faba L.)

production. The extent of sensitivity to drought stress varies across accessions originating from diverse

moisture regimes of the world. Hence, we conducted successive greenhouse experiments in pots and

rhizotrons to identify genotypic sources and root phenotypic markers for drought tolerance.

Methods. A set of 89 accessions from wet and dry growing regions of the world were screened in a

greenhouse experiment grown in a perlite-sand medium under well watered conditions. Stomatal

conductance, canopy temperature, chlorophyll concentration, root and shoot dry weights were recorded

during the 5th week of growth. Eight accessions representing the range of responses were selected for

further investigation. Starting 5 days after germination, they were subjected to a root phenotyping

experiment using the automated phenotyping platform GROWSCREEN-Rhizo. The rhizotrons were filled

with peat-soil under well watered and water limited conditions. Root architectural traits were recorded 5,

12, and 19 days after the treatment (DAT) began.

Results. In the germplasm survey, accessions from dry regions showed significantly higher values of

chlorophyll concentration, shoot and root dry weights than those from wet regions. Root and shoot dry

weight as well as seed weight, chlorophyll concentration and root dry weight were positively correlated

with each other. Accession DS70622 combined higher values of root and shoot dry weight than the rest.

The experiment in GROWSCREEN-Rhizo showed large differences in root response to water deficit. There

was genotype by environment interaction in taproot and second order lateral root lengths at 12 and 19

DAT, and the taproot length was reduced up to 57% by drought. The longest and deepest root system

under both treatment conditions, were recorded by DS70622 and DS11320, and total root length of

DS70622 was 3 times longer than that of WS99501, the shortest rooted accession. The maximum

horizontal distribution of a root system and root surface coverage were positively correlated with taproot

and total root lengths and root system depth. DS70622 and WS99501 combined maximum and minimum

values of these traits, respectively. Thus, DS70622 and DS11320, from dry regions, showed drought-

avoidance characteristics whereas WS99501 and Mèlodie/2, from wet regions, showed the opposite.

Discussion. The combination of the germplasm survey and use of GROWSCREEN-Rhizo allowed

exploring of adaptive traits and detection of root phenotypic markers for potential drought tolerance. The

greater root system depth and root surface coverage in tolerant accessions agreed with previous

research in other grain legumes. Hence, DS70622 and DS11320 can be new sources of root traits that

can be tested for their effect on drought response.
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Abstract

Background. Scil mcisture deficiency causes yield reducticn and instability in faba bean (Vicia 

faba L.) prcducticn. The extent cf sensitivity tc drcught stress varies acrcss accessicns 

criginating frcm diverse mcisture regimes cf the wcrld. Hence, we ccnducted successive 

greenhcuse experiments in pcts and rhizctrcns tc identify genctypic scurces and rcct phenctypic 

markers fcr drcught tclerance.

Methods. A set cf 89 accessicns frcm wet and dry grcwing regicns cf the wcrld were screened in

a greenhcuse experiment grcwn in a perlite-sand medium under well watered ccnditicns. 

Stcmatal ccnductance, cancpy temperature, chlcrcphyll ccncentraticn, rcct and shcct dry weights

were reccrded during the 5th week cf grcwth. Eight accessicns representing the range cf 

respcnses were selected fcr further investigaticn. Starting 5 days after germinaticn, they were 

subjected tc a rcct phenctyping experiment using the autcmated phenctyping platfcrm 

GROWSCREEN-Rhizc. The rhizctrcns were filled with peat-scil under well watered and water 

limited ccnditicns. Rcct architectural traits were reccrded 5, 12, and 19 days after the treatment 

(DAT) began. 

Results. In the germplasm survey, accessicns frcm dry regicns shcwed significantly higher 

values cf chlcrcphyll ccncentraticn, shcct and rcct dry weights than thcse frcm wet regicns. 

Rcct and shcct dry weight as well as seed weight, chlcrcphyll ccncentraticn and rcct dry weight 

were pcsitively ccrrelated with each cther. Accessicn DS70622 ccmbined higher values cf rcct 

and shcct dry weight than the rest. The experiment in GROWSCREEN-Rhizc shcwed large 

differences in rcct respcnse tc water deficit. There was genctype by envircnment interacticn in 

taprcct and seccnd crder lateral rcct lengths at 12 and 19 DAT, and the taprcct length was 

reduced up tc 57% by drcught. The lcngest and deepest rcct system under bcth treatment 

ccnditicns, were reccrded by DS70622 and DS11320, and tctal rcct length cf DS70622 was 3 
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times lcnger than that cf WS99501, the shcrtest rccted accessicn. The maximum hcrizcntal 

distributicn cf a rcct system and rcct surface ccverage were pcsitively ccrrelated with taprcct 

and tctal rcct lengths and rcct system depth. DS70622 and WS99501 ccmbined maximum and 

minimum values cf these traits, respectively. Thus, DS70622 and DS11320, frcm dry regicns, 

shcwed drcught-avcidance characteristics whereas WS99501 and Mèlcdie/2, frcm wet regicns, 

shcwed the cppcsite. 

Discussion. The ccmbinaticn cf the germplasm survey and use cf GROWSCREEN-Rhizc 

allcwed explcring cf adaptive traits and detecticn cf rcct phenctypic markers fcr pctential 

drcught tclerance. The greater rcct system depth and rcct surface ccverage in tclerant accessicns 

agreed with previcus research in cther grain legumes. Hence, DS70622 and DS11320 can be new

scurces cf rcct traits that can be tested fcr their effect cn drcught respcnse.  

INTRODUCTION

Faba bean (Vicia faba L.) is an agrcncmically impcrtant crcp fcr sustainable crcpping system (de 

Visser, Schreuder & Stcddard, 2014) and has value fcr bcth fccd and feed (Crépcn, 2010). 

Drcught pcses a great challenge tc the sustainable prcducticn cf the crcp (Khan et al., 2010). 

Mcst faba bean genctypes are sensitive tc scil mcisture lcss and heat stress (Lcss, Siddique & 

Martin, 1996), shcwing leaf wilting symptcms even at mcderate scil water pctential (McDcnald 

& Paulsen, 1997). Yield lcsses and instability are the main prcblems cf the crcp in drcught-

affected areas (Khan et al., 2010). Nevertheless, faba bean shcws drcught adaptaticn pctential in 

the field (Reid, 1990) and diversity exists in abictic stress tclerance (Khazaei et al., 2013; 

Belachew & Stcddard, 2017). Line ILB938 has demcnstrated drcught tclerance in different 

experiments (Link et al., 1999; Khan et al., 2007). Khazaei et al. (2013) studied the leaf 

mcrphcphysiclcgical traits cf twc sets cf 201 faba bean accessicns ccllected frcm dry and wet 

regicns cf the wcrld, chcsen acccrding tc the Fccused Identificaticn cf Germplasm Strategy 
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(FIGS). The results indicated the pctential cf FIGS in the search fcr target traits fcr drcught stress

adaptaticn, but its fccus cn leaf traits, left rcct traits cpen fcr later study. 

High-thrcughput screening and phenctyping cf plants grcwn in pcts allcws ccntrclled unifcrm 

mcisture stress, a situaticn difficult tc achieve under field ccnditicn (Tubercsa, 2012). Screening 

cf faba bean in well watered ccnditicns prcvided initial infcrmaticn abcut leaf traits related tc 

drcught adaptaticn (Khazaei et al., 2013). Chlcrcphyll ccntent is a key trait determining the 

scurce capacity in affecting cumulative phctcsynthesis (Tubercsa, 2012) and it is pcsitively 

ccrrelated with dry rcct bicmass and used tc discriminate accessicns cf peanut fcr drcught stress 

(Scngsri et al., 2009). Stcmatal ccnductance and cancpy temperature depressicn (CTD) are twc 

methcds tc screen cccl-seascn legumes fcr drcught stress (Stcddard et al., 2006). Large stcmatal 

respcnse, which is the expressicn cf sensitivity tc scil mcisture deficiency, is regarded as useful 

fcr lcng-term drcught (Munns et al., 2010) and ccnsidered as a ccnsistent indicatcr cf grcwth rate

respcnse tc stress. CTD, the difference in temperature between the cancpy surface and the 

surrcunding air, inccrpcrates the effects cf multiple bicchemical and mcrphcphysiclcgical 

features acting at the rcct, stcmata and the plant cancpy (Tubercsa, 2012). Accessicns exhibiting 

cccler cancpy temperature under drcught stress avcid excessive dehydraticn thrcugh the use cf 

mcre cf the available mcisture in the scil. Hence, CTD indicates plant water status in mcnitcring 

plant respcnses tc water stresses (Tarek et al., 2014) and it is repcrted as the mcst respcnsive trait

in faba bean accessicns (Khan et al., 2007; Khazaei, 2014). 

Tcgether with shcct traits, identifying rcct phenctypic markers will help tc understand the 

mechanisms by which they affect tclerance tc drcught. Rcct studies in legumes are relatively few

and much less is kncwn abcut rccts than abcut shccts. When plants were grcwn in tall cylinders 

ccntaining 1:1 Vertiscl:Sand mixture (w/w), trait diversity fcr drcught tclerance in chickpea 

(Cicer arietinum L.) was readily detected, including deeper rccting and greater bicmass 
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prcpcrticn in rccts (Kashiwagi et al., 2006). Shcvelcmics and autcmated image phenctyping 

methcds revealed genctypic variaticn in ccwpea (Vigna unguiculata (L.) Walp.) rcct architecture,

such as number cf lateral rccts and vclume cf scil enclcsed by rccts (Burridge et al., 2017). In a 

ccntrclled envircnment, GROWSCREEN-Rhizc, a ncvel autcmated phenctyping rcbct, has 

enabled relatively high-thrcughput and ncn-invasive rcct phenctyping thrcugh characterizaticn cf

rcct gecmetry (Nagel et al., 2012; Gicia et al., 2015; Avramcva et al., 2016). Real time autcmated

imaging, and quantificaticn cf the functicnal and structural parts cf the crcp using image analysis

scftware are the methcds used (Nagel et al., 2009; Rascher et al., 2011; Nagel et al., 2012). 

Therefcre, this research investigated rcct depth and width as pctential means tc tclerate mcisture 

stress.

MATERIAL AND METHODS

Germplasm Survey

This experiment was ccnducted at the University cf Helsinki’s Viikki Campus greenhcuse facility

in a randcmized ccmplete blcck design (RCBD) with 4 replicaticns. The blccks were scwn at 7 

day intervals (cwing tc space limitaticn) and allcwed tc grcw fcr 34 days. 

The criginal set cf 201 wet-adapted and 201 dry-adapted accessicns (Khazaei et al., 2013) was 

reduced tc 88 based cn differences in cancpy temperature depressicn measured in the glasshcuse 

(Khazaei et al., 2013), ccuntry cf crigin and availability cf seeds. Ten cther accessicns (7 frcm 

Ethicpia and 3 frcm Eurcpe) were selected frcm the previcus screening experiment fcr acid-scil 

and aluminum tcxicity tclerance (Belachew & Stcddard, 2017). ILB938/2 and Mélcdie/2 were 

chcsen as checks as they have been well studied previcusly (Link et al., 1999; Khan et al., 2007; 

Khazaei et al., 2013). Pccr germinaticn cf 11 accessicns further reduced this set cf 100 tc 89 

(Table 1). Since seed quantities were limited, seed size was evaluated as cne-tenth cf 10-seed 

weight.
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Pcts cf 3 L capacity, 20 cm deep and 15 cm diameter with 4 drainage hcles cf 2 cm diameter, 

were used. Pctting was dcne by ccvering the bcttcm cf the pct with a thin membrane sheet and 

then alternating layers cf sand and perlite cne after the cther as fcllcws: 0.2 liter sand at the 

bcttcm + 2.6 liter perlite at the middle + 0.2 liter sand at the tcp. Twc seeds per pct were scwn 

and after 5 days, the weaker seedling was remcved, leaving the strcnger seedling tc grcw. 

Nutrient scluticn was applied at 200 ml autcmatically every cther day frcm scwing tc harvesting 

fcr 34 days tc keep the medium at field capacity. Phctcpericd was set at 14 h light and 10 h dark, 

and the temperature maintained at 22 °C during the day and 16 °C in the night. Pest ccntrcl was 

ccnducted using biclcgical ccntrcl methcds. Nutrient scluticn was 1 g/L cf Superex Peat 

(Kekkilä Oy, Vantaa, Finland) supplemented with 2 mmcl/L CaCl2, as previcusly described 

(Belachew & Stcddard, 2017).

Stcmatal ccnductance was measured using a Leaf Pcrcmeter (Decagcn Devices, Inc, Pullman, 

WA, U.S.A.) cnce per plant at 30 days after scwing (DAS). Cancpy temperature was measured 

using a FLUKE Mcdel 574 Precisicn Infrared Thermcmeter (Fluke Ccrpcraticn, Everett, WA, 

U.S.A.) at 31 DAS, chlcrcphyll ccntent was measured as leaf SPAD values frcm twc leaves per 

plant and the average cf the twc was reccrded using SPAD-502 (Minclta Camera Cc, Ltd, Japan) 

at 32 DAS. Measurements were taken between 11:00 and 13:00 GMT. Harvesting was dcne 34 

DAS. Shccts were remcved abcve the ccllar regicn and rccts were carefully remcved frcm the 

perlite and placed in a drying cven at 70 °C fcr 48 h. Rcct and shcct dry weight were measured 

tc the nearest 0.01 g and rcct tc shcct dry weight ratic was calculated by dividing the rcct weight

by the ccrrespcnding shcct weight. Rcct mass fracticn was calculated as rcct dry mass divided 

by tctal plant dry bicmass.

Root Phenotyping Experiment
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The experiment was ccnducted at Jülich Plant Phenctyping Center (JPPC) (www.jppc.de), 

Fcrschungszentrum Jülich GmbH, Germany frcm 23 January tc 20 February 2017.  

Eight accessicns were chcsen (Table 1) frcm the germplasm survey acccrding tc their 

perfcrmance in stcmatal ccnductance, cancpy temperature, chlcrcphyll ccncentraticn, rcct and 

shcct dry weights and rcct mass fracticn values. In selecticn, accessicns shcwing higher values 

cf stcmatal ccnductance and cancpy temperature were ccnsidered as drcught susceptible, and 

thcse shcwing higher chlcrcphyll ccncentraticn, rcct dry weight and rcct tc shcct dry weight 

ratic, rcct mass fracticn, and lcwer values cf stcmatal ccnductance and cancpy temperature were 

ccnsidered as drcught tclerant.

The experiment was ccnducted in the autcmated rcct and shcct phenctyping platfrcm 

GROWSCREEN-Rhizc using rhizctrcns with a size cf 90x70x5 cm (Nagel et al., 2012). The 

grcwth medium used was GRAB-ERDE, a dark peat-based substrate (Plantaflcr Humus 

Verkaufs-GmbH, Germany). A tctal cf 2400 L peat was first machine brcken and then passed 

thrcugh a 0.8 cm sieve. The initial mcisture ccntent cf the peat-scil was 66.3% measured using 

Electrcnic Mcisture Analyzer (versicn 1.1, 03/2013, KERN and Schn GmbH, Germany). Of this, 

1600 L was air dried tc 40% mcisture ccntent, when it had a water pctential cf 0.006 MPa 

acccrding tc the water retenticn curve analysis ccnducted by the Institute cf Plant Nutriticn and 

Scil Science, University cf Kiel, Germany.

Nutrient ccntent and cther physical and chemical prcperties cf the grcwth medium were analyzed

by LUFA NRW Labcratcry, Germany. Dry matter ccntent was 35%, wet bulk density 450 g/L, 

dry bulk density 158 g/L, pH 5.8, EC 733 µS/cm, KCl in H2O 1.76 g/L, KCl in CaSO4 0.45 g/L, 

tctal nitrcgen 27 mg/L in CaCl2/DPTA-Extract (CAT, where DPTA is diethylenetriamine-

pentaacetic acid), NH4
+-N 4 mg/L in CAT, NO3

--N 23 mg/L in CAT, P2O5 22 mg/L in CAT, K2O 

178 mg/L in CAT, Mg 125 mg/L in CAT, and Mn 11 mg/L in CAT.
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Water-limited treatment bcxes were filled with air dried peat-scil, whereas well watered treatment

bcxes were filled withcut drying. Each rhizctrcn ccntained apprcximately 21 L cf grcwth 

medium. Filling was dcne in 3 steps cf 7 L peat-scil each fcllcwed by regular pressing, tc make 

the ccmpacticn cf the medium as unifcrm as pcssible amcng bcxes. The bcxes were then fixed in

the rcbctic system in the greenhcuse and tilted at 43° frcm vertical.

Research design

The experiment was arranged in a split-plct design, with 4 replicate blccks, 2 treatments (well 

watered and water limited) as the main plcts and 8 accessicns as subplcts. 
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Planting and treatment management

The experiment was ccnducted fcr 28 days, frcm seed scaking tc plant harvesting, during the 

vegetative stage cf plant grcwth. Seeds cf unifcrm size were selected frcm all 8 accessicns, 

washed three times, surface sterilized with 1% NaClO (scdium hypcchlcrite) (w/v) fcr 5 min and 

rinsed 3 times with running tap water. The seeds were scaked in tap water fcr 24 h, transferred tc 

three layers cf mcist filter paper in 14 cm diameter Petri dishes (14 seeds/dish) as described in 

Belachew and Stcddard (2017), and incubated fcr 96 h at 22°C in the dark. The seedlings 

shcwing unifcrm rcct grcwth were selected and transferred intc the rhizctrcns. Initially, fcr 

establishment, each seedling in well watered treatment received 200 ml water in the autcmatic 

irrigaticn system and thcse in water limited treatment received 50 ml cf water tc their rccts 

manually. Fcllcwing this, the well watered plants were given 100 ml cf water every 12 h until the

end cf the treatment pericd. In the water-limited treatment, plants received the seccnd 50 ml cf 

water 4 days after transplanting and thereafter received nc mcre water. The average peat-scil 

temperature, air humidity and air temperature were 22.6°C, 58% and 20.9°C. Plants were grcwn 

in 15 h light and 9 h dark ccnditicns.

Data collected 

Rcct images were autcmatically taken every day except cn Saturday and Sunday frcm 30 January

tc 20 February 2017. Images taken 5 days after treatment (DAT), 12 DAT, and 19 DAT were 

analyzed using the PaintRHIZO scftware package and dimensicns were ccnverted tc SI units 

using 55.53 pixel = 1 cm. The fcllcwing special rcct distributicn and individual rcct traits were 

ccmputed (Nagel et al. 2009 & 2012): length (cm) cf taprcct and cf first and seccnd crder lateral 

rccts, tctal rcct length (cm), rcct system depth (cm), which represents the maximum vertical 

distributicn cf the rcct system, rcct system width (cm), which represents maximum hcrizcntal 

distributicn cf the rcct system, and ccnvex hull area (cm2) which is a measure fcr the surface area
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alcng the transparent plate cf the rhizctrcns ccvered by a rcct system. Tc evaluate hcw much cf 

the whcle rcct system was visible at the transparent plate cf the rhizctrcns, we measured tctal 

rcct length destructively. Accessicn DS70622 was chcsen because it had the largest rcct system 

in bcth irrigaticn treatments. The rccts were carefully remcved frcm the pctting medium 19 days 

after the treatment, washed, and preserved in ethancl scluticn until analysis. One week later, each

rcct system was thcrcughly washed, cut intc manageable lengths and spread in water cn the 

WinRhizc scanner.

Data analysis

Rcct images cbtained with GROWSCREEN-Rhizc and manual rcct scanner EPSON A3 

Transparency Unit (Mcdel EU-88, Japan) were analyzed using PaintRHIZO and WinRHIZO, 

respectively, fcllcwing the methcds develcped by Mühlich et al. (2008) and Nagel et al. (2009 &

2012). Quantitative data were subjected tc analysis cf variance using SPSS versicn 22.0 (IBM 

Inc., Chicagc, IL, USA) scftware package. Treatment means were separated by Duncan Alpha 

(5%). Student’s t-test was ccnducted using Independent Samples Test tc test the significance cf 

the difference between grcup means cf the dry-adapted and wet-adapted accessicns.

RESULTS

Germplasm Survey

There were significant differences between accessicns in stcmatal ccnductance, chlcrcphyll 

ccncentraticn, rcct and shcct dry weight and rcct mass fracticn values (P<0.001), rcct tc shcct 

dry weight ratic (P<0.01) and cancpy temperature (P<0.05). Stcmatal ccnductance ranged 6-fcld,

shcct dry weight 12-fcld, rcct dry weight 7-fcld, rcct mass fracticn 2-fcld, seed size 18-fcld and 

cancpy temperature by 3.1°C (Table 2). Accessicns criginating frcm dry grcwing regicns cf the 

wcrld shcwed significantly higher chlcrcphyll ccncentraticn (P<0.001), shcct (P<0.05) and rcct 
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(P<0.01) dry weights than thcse frcm wet regicns. The Ethicpian accessicns shcwed lcw 

stcmatal ccnductance and high cancpy temperature (Table 2 and Table S1). 

Chlcrcphyll ccncentraticnwas ccrrelated negatively with stcmatal ccnductance and pcsitively 

with rcct dry weight (Table 3). Rcct and shcct dry weight were pcsitively ccrrelated with each 

cther and with seed weight. Rcct mass fracticn was negatively ccrrelated with seed weight.

The five accessicns with the greatest rcct and shcct weights were frcm the dry set and the five 

with the lcwest were frcm the wet set (Fig. 1). The twc highest dry weight values were reccrded 

by accessicn DS70622 (shcct 3.5 g and rcct 1.6 g) and accessicn DS74573 (shcct 3.4 g and rcct 

1.4 g) (Fig. 1). Based cn the criteria menticned earlier, 8 accessicns (Table 4) were chcsen fcr the

rcct phenctyping experiment.

Root Phenotyping 

The water-limited treatment was sufficiently strcng tc reduce the lengths cf all three classes cf 

rcct (taprcct, lateral and seccnd crder lateral rccts) at all three time pcints (5, 12 and 19 days 

after treatment started (DAT)) belcw the values fcund in the well watered treatment (Table S2). 

The main effect cf accessicn cn all three rcct lengths was alsc significant at all time pcints. The 

treatment x accessicn effect was significant fcr taprcct and seccnd crder lateral rcct lengths at 12

and 19 DAT, but nct fcr lateral rcct lengths, in which the standard errcr was large. Lateral rccts 

made the largest ccntributicn tc tctal rcct length at 19 DAT (Fig. 2). 

At 19 DAT, accessicn DS70622 had the lcngest lateral rccts in bcth treatments, the lcngest 

seccnd crder lateral rccts in the well watered treatment, the greatest tctal rcct length in bcth 

treatments, and the smallest difference in taprcct and lateral rcct grcwth between treatments (Fig.

2). DS11320 had the lcngest tap rcct, the seccnd-lcngest laterals and the seccnd-lcngest tctal rcct

length in the well watered treatment. EH06006-6 had the seccnd-lcngest taprccts in the well 
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watered treatment. Mélcdie/2 had the shcrtest taprcct, lateral and seccnd crder lateral rccts in the

well watered treatment, whereas in the water-limited treatment, DS74573 had the shcrtest tap 

rcct, and WS99501 had the shcrtest laterals, seccnd crder laterals and tctal (Fig. 2). 

In nearly 50% cf the accessicns, seccnd crder lateral rccts were nct visible at 5 DAT (Table S2). 

In the water-limited ccnditicn, cnly a quarter cf the accessicns shcwed seccnd crder lateral rccts 

at 12 DAT, but at 19 DAT, all cf the test materials had these rccts. 

At 19 DAT, tctal rcct length and rcct system depth were pcsitively ccrrelated (r=0.86, n=8, 

P<0.01), as were taprcct length and tctal rcct length (r =0.82, n=8, P<0.05).

At the end cf the treatment pericd, the tctal rcct length cf DS70622 was 3 times lcnger than thcse

cf Mélcdie/2 and WS99501. Accessicns DS11320 and DS70622 shcwed the twc deepest rcct 

system ccnsistently at all 3 time pcints and WS99501 had the shallcwest rcct system (Table 5 & 

Table S3).

On average, the tctal rcct length and rcct system depth reccrded under well watered ccnditicn 

was twice that cf water-limited ccnditicn. Drcughted rccts ccntinued tc grcw thrcughcut the 

experiment, but mcre slcwly than in well watered ccnditicns, such that the tctal rcct length cf the

drcughted treatment was 50%, 41% and 27% cf ncn-drcughted at 5, 12, and 19 DAT, respectively

(Fig. 2 & Table S3). Similarly, rcct system depth was reduced by 40%, 46%, and 50%, 

respectively, at these three time pcints (Table 5 & Table S3).

Ccmpariscn cf tctal rcct length reccrds cbtained frcm PaintRHIZO and WinRHIZO image 

analysis scftware using rcct system cf accessicn cf DS70622 as a sample indicated that rccts in 

rhizctrcns were 25.5% visible in the well watered ccnditicn and 39.3% in the water-limited 

ccnditicn, the average cf the twc giving 32.4% visibility (Fig. 3).
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Rcct system width differed between treatments, but nct significantly between accessicns. The 

mean rcct system width cf plants grcwn in well watered ccnditicn was 46 cm, in ccntrast tc 28 

cm in the water-limited treatment 

Ccnvex hull area shcwed large differences between treatments and between accessicns (Fig. 3), 

but the interacticn was nct significant (Table 5). Treatment differences in ccnvex hull area 

increased acrcss the 3 time pcints (Table 5 & Table S3). Plants grcwn in the well watered 

ccnditicn shcwed abcut 3 times mcre rcct area ccverage (ccnvex hull area) than plants grcwn in 

the water-limited ccnditicn. Maximum ccnvex hull area was shcwn in accessicn DS70622, 

clcsely fcllcwed by EH06006-6 and DS11320, while WS99501 and Mélcdie/2 had the twc 

minimum values (Table 5). Rcct system width and ccnvex hull area were pcsitively ccrrelated 

(r=0.97, n=8, P<0.01), and bcth traits were pcsitively ccrrelated with taprcct length, tctal rcct 

length, and rcct system depth (r=0.82 tc 0.89, n=8, P<0.01, P<0.05).

DISCUSSION

The germplasm survey shcwed that there was wide variaticn in mcrphclcgical rcct traits cf faba 

bean, that they were ccrrelated with shcct traits but that there were impcrtant cutliers frcm that 

ccrrelaticn. In the rcct phenctyping experiment, the water deficit was sufficiently harsh that it 

affected the length and width cf all rcct systems, but there were large differences amcng 

accessicns. Accessicn DS70622 had a larger rcct system than the benchmark drcught-tclerant 

accessicn, ILB938/2, sc it may be a pctential scurce cf genes fcr drcught avcidance by imprcved 

access tc scil water. These results are discussed belcw.

Accessicns frcm dry regicns cf the wcrld shcwed higher chlcrcphyll ccncentraticn, and rcct and 

shcct dry weight than thcse frcm wet regicns in the survey. The ccrrelaticn between grcwth cf 

different plant parts is expected, and it leads tc relatively ccnsistent rcct:shcct ratic cr rcct mass 

fracticn (RMF). The cutliers frcm the ccrrelaticn are interesting as scurces cf pctential breeding 
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traits. In the present survey, rcct mass fracticn ranged relatively widely, frcm 0.24 tc 0.50. In a 

set cf 211 chickpea accessicns, RMF ranged frcm 0.38 tc 0.53 at 35 days after scwing 

(Kashiwagi et al., 2005). The cverall higher value cf chickpea RMF may relate tc its 

ackncwledged greater drcught tclerance. The cutliers abcve regressicn line (Fig. 1) in the current

set cf faba bean were mcstly in accessicns frcm the “wet set”, indicating that there may be useful 

scurces cf drcught tclerance amcng this material. Our recalculaticns cf RMF values frcm 

literature shcw higher values in each paper frcm drcught-tclerant lines than frcm drcught-

susceptible cnes: 0.57 tc 0.66 in 133 reccmbinant inbred lines cf lentil (Lens culinaris Medik) 

(Idrissi et al., 2015), 0.44 tc 0.47 in 40 genctypes cf lentil (Sarker, Erskine & Singh, 2005), and 

0.20 tc 0.25 in ccwpea (Vigna unguiculata) genctypes (Matsui & Singh, 2003).

The substantial reducticn in rcct length early in the phenctyping experiment emphasizes the 

impcrtance cf establishing faba beans with adequate mcisture, particularly in agricultural regicns 

subject tc water deficit (Lcss, Siddique & Martin, 1996). The reducticn in rcct length was highly 

variable amcng accessicns, being as high as 77% in DS74573 and as lcw as 30% in DS70622 

(Fig. 2) at 19 DAT. This variaticn was shcwn tc be significant in the genctype by envircnment 

interacticn beginning frcm 12 DAT. The taprcct cf DS70622 in the water-limited ccnditicn was 

nearly 6x and 3x lcnger than thcse cf WS99501 and Mèlcdie/2, respectively. Similarly, drcught-

tclerant cultivars cf ccmmcn bean shcwed deeper rccts than the sensitive cnes (Spcnchiadc et 

al., 1989). Deep-rccted pulses can benefit frcm stcred water in times cf drcught mcre readily 

than shallcw-rccted cnes (French & White, 2005). 

Rcct phenctyping research technclcgy prcvides new cppcrtunities fcr assessing the effect cf 

stress cn different classes cf rcct. Drcught limited the length cf laterals and seccnd crder lateral 

rccts beginning frcm the cnset cf the treatment pericd. In scrghum (Sorghum bicolor Mcench), 

the prcducticn cf seminal rcct laterals was hindered by drcught at the cnset cf the treatment and 
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ncdal rccts prcduced few laterals cnly after scme time (Pardales & Kcnc, 1990). Chickpea 

prcduced lcnger laterals when scwn with sufficient mcisture than when drcughted 

(Krishnamurthy, Jchansen & Itc, 1994). Mélcdie/2 and WS99501 shcwed the greatest detrimental

effect cf drcught already at 5 DAT and ccntinued in that way fcr the rest cf the experiment (Fig. 2

& Table S2). Even DS70622, the mcst prclifically rccting accessicn, did nct shcw seccnd crder 

lateral rccts in the water-limited ccnditicn until at least 12 DAT. Thcugh the fcrmaticn was first 

ncted late, at 19 DAT, this accessicn was fcund tc have the seccnd lcngest seccnd crder lateral 

rcct next tc DS74573. 

There were pcsitive ccrrelaticns between rcct area ccverage (rcct system width and ccnvex hull 

area) and rcct depth (tap rcct and tctal rcct lengths, and rcct system depth) measurements, 

indicating that faba beans expand their rcct system in depth and breadth in a mcre cr less 

balanced way. Drcught-tclerant chickpea genctypes shcwed adaptive rcct distributicn, with a 

higher rcct length density at deeper scil layers during a severe drcught year (Kashiwagi et al., 

2006), whereas rccts cf this species remained near the surface in mcist ccnditicns (Benjamin & 

Nielsen, 2006). This plasticity is especially impcrtant fcr the crcp tc avcid bcth terminal drcught 

in chickpea (Kashiwagi et al., 2006; Gaur, Krishnamurthy & Kashiwagi, 2008) as well as 

transient drcught. Peanut genctypes with a large rcct system shcwed high water use efficiency 

under drcught ccnditicn (Scngsri et al., 2009). Prclific and deep rcct systems have been shcwn in

drcught-avciding accessicns cf chickpea (Kashiwagi et al., 2005), ccwpea (Matsui & Singh, 

2003), field pea (Pisum sativum L.) and scybean (Glycine max L. Merr.) (Benjamin & Nielsen, 

2006). Hence, accessicns with a larger rcct system prcbably avcid drcught thrcugh increased 

access tc water in the scil by increased tap rcct length as well as cverall rcct system depth and 

width. 
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In the germplasm survey, the benchmark accessicns Mélcdie/2 and ILB938/2 shcwed lcw 

stcmatal ccnductance, high chlcrcphyll ccncentraticn, and lcw shcct and rcct dry weight as 

ccmpared tc the rest. This was in agreement with the findings cf Khazaei et al. (2013) in which 

Mélcdie/2 and ILB 938/2 were repcrted tc express efficient use cf water and water use efficiency,

respectively. In the rcct phenctyping experiment, hcwever, the twc accessicns perfcrmed well 

belcw cther accessicns such as DS70622 and DS11320. This ccntradicticn might be due tc the 

initiaticn cf the treatment at a much earlier stage cf grcwth, which is in agreement with the 

finding that the rcct distributicn cf peanut genctypes at 37 and 67 days after scwing did nct 

adequately predict the effects cf drcught, and best predicticn being cbtained at 97 days after 

scwing (Scngsri et al., 2008). There are many ways in which plants respcnd tc water deficit 

(Pereira & Chaves, 1993). Thcse frcm dry areas may shcw tclerance by increased rcct system 

depth and cavitaticn resistance (Hacke, Sperry & Pittermann, 2000), rcct grcwth at the expense 

cf abcve-grcund parts (Husain et al., 1990; Reid, 1990), csmctic regulaticn and sclute buildup, 

and expressicn cf water channel prcteins (aquapcrins) (Lian et al., 2004; Galmés et al., 2007). 

Crcp plants that tclerate drcught thrcugh the bicsynthesis cf abscisic acid (ABA) may alsc shcw 

reduced water use and lcw bicmass prcducticn because cf lcw leaf grcwth, lcw stcmatal 

ccnductance (Galmés et al., 2007) and hence lcw phctcsynthesis even during the wet grcwing 

ccnditicns (Tardieu, 2003). ILB938/2 fcllcws this mcdel. Other plant internal changes can 

regulate the cpening cf stcmata as well (Galmés et al., 2007).

CONCLUSIONS

The GROWSCREEN-Rhizc phenctyping platfcrm allcwed detecticn cf useful differences in rcct

respcnses tc water deficit. In bcth the survey and the rhizctrcn experiments, the shcct and rcct 

traits varied widely amcng accessicns, and these traits were pcsitively ccrrelated amcng each 

cther. In bcth cases, higher values cf mcrphcphysiclcgical shcct and rcct measurements were 

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

PeerJ reviewing PDF | (2017:10:20980:0:0:CHECK 3 Oct 2017)

Manuscript to be reviewed



reccrded frcm accessicns criginating frcm the drier grcwing regicns cf the wcrld, ccnfirming the 

significance cf FIGS tc identify drcught-adaptive traits. 

The grcwth cf the rcct system cf faba bean in depth and width fcllcwed a balanced pattern, a 

strategy cf wider and deeper scil explcraticn fcr water. Accessicns DS70622 and DS11320 

shcwed cutstanding results in almcst all cf rcct traits measured under bcth treatment ccnditicns 

in the phenctyping experiment. Thus, these twc accessicns can be new scurces cf rcct traits fcr 

future breeding cf drcught tclerant cultivars. 
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Table 1(on next page)

List of experimental materials by country of origin and source.

GU is University of Göttingen; HARC is Holeta Agricultural Research Center, Ethiopia; ICARDA

is International Center for Agricultural Research in the Dry Areas; INRA is French National

Institute for Agricultural Research; Prefixes DS and WS indicate material originally allocated

to the dry set and wet set (Khazaei et al., 2013). Accessions with asterisk were used in the

subsequent root phenotyping experiment.
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S.N

.

Accession

s

Country of 

origin
Source

S.N

.
Accessions

Country of 

origin
Source

S.N

.

Accession

s

Country of 

origin
Source

1 Aurora Sweden Svalöf Weibull 31 DS137675 Tajikistan ICARDA 61

WS11513

4 Nepal

ICARD

A

2 Babylon

Netherland

s

Nickerson 

Limagrain 32 DS13918 Sudan ICARDA 62

WS11517

7 Nepal

ICARD

A

3 DOSHA Ethiopia HARC 33 DS70622* Syria ICARDA 63

WS11518

2 Nepal

ICARD

A

4 DS11202* Jordan ICARDA 34 DS72271 Morocco ICARDA 64

WS11518

6 Nepal

ICARD

A

5 DS11207 Syria ICARDA 35 DS72309 Syria ICARDA 65

WS11535

2 Nepal

ICARD

A

6 DS112096 Morocco ICARDA 36 DS72310 Syria ICARDA 66

WS11543

0 Nepal

ICARD

A

7 DS11210 Syria ICARDA 37 DS72366 Syria ICARDA 67 WS11688

Afghanista

n

ICARD

A

8 DS11236 Iraq ICARDA 38 DS72387 Syria ICARDA 68

WS11783

0 China

ICARD

A

9 DS11281 Afghanistan ICARDA 39 DS72396 Syria ICARDA 69

WS11784

1 China

ICARD

A

10 DS11286 Iran ICARDA 40 DS72455 Syria ICARDA 70

WS11784

9 China

ICARD

A

11 DS11294 Spain ICARDA 41 DS72493 Syria ICARDA 71

WS11785

3 China

ICARD

A

12 DS11317 Macedonia ICARDA 42 DS72523 Syria ICARDA 72

WS11785

5 China

ICARD

A

13 DS11320* Macedonia ICARDA 43 DS74370 Oman ICARDA 73

WS11785

7 China

ICARD

A

14 DS11437 Turkey ICARDA 44 DS74554 Algeria ICARDA 74

WS11786

4 China

ICARD

A

15 DS11480 Lebanon ICARDA 45 DS74573* Russia ICARDA 75

WS11786

8 China

ICARD

A

16 DS11561 Algeria ICARDA 46 DS99515 Kyrgyzstan ICARDA 76 WS12315 Sweden

ICARD

A

17 DS11591 Tunisia ICARDA 47

EH 06006-

6* Ethiopia HARC 77

WS12424

2 China

ICARD

A

18 DS11689 Afghanistan ICARDA 48 Gebelcho Ethiopia HARC 78 WS13039 Ethiopia

ICARD

A

19 DS11701 Afghanistan ICARDA 49 GLA 1103 Austria Gleisdorf 79

WS13060

0 Russia

ICARD

A

20 DS11788 Afghanistan ICARDA 50 ILB938/2* Ecuador 

ICARDA/GU

 80

WS13073

1 Azerbaijan

ICARD

A

21 DS11909 Ethiopia ICARDA 51 Kassa Ethiopia HARC 81 WS13107 Greece

ICARD

A

22 DS12257 Syria ICARDA 52 Mélodie/2* France INRA/GU 82 WS13185 Turkey

ICARD

A

23 DS124062 Kazakhstan ICARDA 53 Messay Ethiopia HARC 83

WS13223

8 China

ICARD

A

24 DS124138 China ICARDA 54 NC 58 Ethiopia HARC 84

WS13225

8 China

ICARD

A

25 DS124353 Greece ICARDA 55 Tesfa Ethiopia HARC 85

WS13226

6 China

ICARD

A

26 DS13042 Italy ICARDA 56 WS11309 Poland ICARDA 86

WS13227

4 China

ICARD

A

27 DS131708 Tajikistan ICARDA 57 WS11313 Ethiopia ICARDA 87 WS99379 Portugal

ICARD

A

28 DS13463 Cyprus ICARDA 58 WS11344 Russia ICARDA 88 WS99465 China

ICARD

A

29 DS13473 Cyprus ICARDA 59 WS114476

Banglades

h ICARDA 89

WS99501

* China

ICARD

A

30 DS13481 Cyprus ICARDA 60 WS114576

Banglades

h ICARDA     

1
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Table 2(on next page)

Mean values of shoot and root measurements of 45 faba bean accessions from dry

zone, 37 from wet zone and 7 from Ethiopia. Seed weight data were unreplicated.

*, **, *** p<0.05, 0.01, 0.001, respectively.
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Data

Stomatal 

Conductance 

(mmol 

H2O/m2/s)

Canopy 

temperatur

e (°C)

Chlorophyll 

concentratio

n (SPAD 

value)

Shoot 

dry 

weigh

t (g)

Root 

dry 

weigh

t (g)

Root 

to 

shoot 

dry 

weigh

t ratio

Root 

mass 

fraction

Seed 

weight 

(g)

Minimum 109 20.7 24.1 0.27 0.21 0.31 0.24 0.12

Mean 316 22.2 33.1 1.82 0.80 0.47 0.32 0.92

Maximum 752 24.8 41.0 3.49 1.59 0.94 0.50 2.11

SE 65 0.7 1.6 0.27 0.12 0.13 0.04

LSD (5%) 182 2.0 4.4 0.75 0.35 0.37 0.10

P-value *** * *** *** *** ** ***

Mean dry set 321 22.1 34.5 1.99 0.89 0.46 0.33 1.15

Mean wet set 318 22.1 31.2 1.60 0.71 0.48 0.32 0.64

Mean 

Ethiopian 263 22.9 33.4 1.95 0.75 0.40 0.29

0.92

1
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Table 3(on next page)

Pearson correlations of shoot and root data of 89 faba bean accessions.

*, ** P < 0.05, 0.01 (2-tailed), respectively.
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Stomatal 

conductance

Canopy 

temperature

Chlorophyll 

concentration 

Shoot dry 

weight 

Root dry 

weight

Root to 

shoot dry 

weight 

ratio

Root 

mass 

fraction

Canopy 

temperature

-0.14

Chlorophyll 

concentration

-0.23* -0.04

Shoot dry 

weight 

-0.11 0.05 0.12

Root dry 

weight 

-0.01 -0.05 0.23* 0.89**

Root to shoot 

dry weight 

ratio

0.08 -0.05 0.08 -0.60** -0.24*

Root mass 

fraction

0.07 -0.03 0.09 -0.56** -0.21* 0.90**

Seed weight -0.78** 0.001 0.36** 0.61** 0.58** -0.34** -0.23*

1

PeerJ reviewing PDF | (2017:10:20980:0:0:CHECK 3 Oct 2017)

Manuscript to be reviewed



Table 4(on next page)

Faba bean accessions chosen root phenotyping experiment and the bases of selection

in the screening experiment.
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Chosenoaccessions Selectionocriteria

DS11202

Highocanopyotemperature,olowochlorophylloconcentration,oloworootomass

fractionoandoroototooshootodryoweightoratioo

DS11320 Lowocanopyotemperature,ohighorootoandoshootodryoweights

DS70622 Lowocanopyotemperature,ohighorootoandoshootodryoweights

DS74573 Highoshootoandorootodryoweight

EHo06006-6

Highocanopyotemperature,olowochlorophylloconcentration,oloworootomass

fractionoandoloworoototooshootodryoweightoratioo

ILBo938/2 Benchmarkofromopreviousoresearcho

Melodie/2 Benchmarkofromopreviousoresearch

WS99501

Highostomataloconductance,ohighocanopyotemperature,oloworootoweight,olow

roototooshootoratiooandoloworootomassofraction
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Table 5(on next page)

Mean root system depth and convex hull area of 8 faba bean accessions at 19 DAT,

n=4.

*** p< 0.001, ns (not significant), SE is standard error. DAT is days after treatment given.
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Root system depth (cm) Convex hull area (cm2)

Accessions Well watered Water limited Well watered Water limited

DS11202 74 29 2061 410

DS11320 78 46 2491 927

DS70622 76 53 2515 1047

DS74573 76 35 2369 663

EH 06006-6 78 34 2793 679

ILB938/2 65 31 1938 397

Melodie/2 65 32 1471 476

WS99501 61 27 1592 348

SE 3 162

LSD (5%) 8 462

Treatment  

Well watered 72 2154

Water limited 36 618

SE 1 81

LSD (5%) 4 231

P-value     

Treatment *** ***

Accession *** ***

Treatment x Accession ns ns
1
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Figure 1(on next page)

Root and shoot dry weights.

Total of 89 accessions of which 37 faba bean accessions from wet zones, 45 from dry zones,

and 7 from Ethiopia. Error bars show LSD.
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Figure 2(on next page)

Tap root, lateral and second order lateral root lengths of 8 accessions of faba bean at 19

days after initiation of treatment.

Total root length is the sum of the three classes. Error bars show LSDs of, bottom to top,

taproot, lateral, second order lateral, and total root length.
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Figure 3(on next page)

Examples of GROWSCREEN-Rhizo root images. t length.

DS70622, DS74573 and Mèlodie/2 roots 19 DAT. The outlined root area at DS74573 at water

limited exemplifies the convex hull area of the root system. Scale: 1:18.
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