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Abstract
Altering plant water use efficiency (WUE) is a promising approach for achieving sustainable crop production in changing
climate scenarios. Here, we show that WUE can be tuned by alleles of a single gene discovered in elite maize (Zea mays)
breeding material. Genetic dissection of a genomic region affecting WUE led to the identification of the gene ZmAbh4 as
causative for the effect. CRISPR/Cas9-mediated ZmAbh4 inactivation increased WUE without growth reductions in well-
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watered conditions. ZmAbh4 encodes an enzyme that hydroxylates the phytohormone abscisic acid (ABA) and initiates its
catabolism. Stomatal conductance is regulated by ABA and emerged as a major link between variation in WUE and dis-
crimination against the heavy carbon isotope (D13C) during photosynthesis in the C4 crop maize. Changes in D13C per-
sisted in kernel material, which offers an easy-to-screen proxy for WUE. Our results establish a direct physiological and ge-
netic link between WUE and D13C through a single gene with potential applications in maize breeding.

Introduction
Water use efficiency (WUE) is a central topic in crop re-
search that is focused on securing high yield with reduced
water use (Bertolino et al., 2019). The amount of biomass
production of a plant per unit transpired water, defined as
whole-plant water use efficiency (WUEplant), can be in-
creased by enhancing the efficiency of photosynthetic pro-
cesses and by limiting transpiration through stomata.
WUEplant is highly related to intrinsic WUE (iWUE), defined
as the ratio of CO2 assimilation to stomatal conductance,
and thus stomatal conductance is an important source of
natural genetic variation in WUEplant (Leakey et al., 2019).
Most improvements in iWUE and WUEplant have been
linked to changes in stomatal characteristics and sensitivity
to the phytohormone abscisic acid (ABA; Leakey et al., 2019;
Mega et al., 2019; Yang et al., 2019). ABA is known to be a
key regulator of stomatal conductance with a major role in
restricting transpiration in response to drought, cold, and
salt stress (Sah et al., 2016; Venzhik et al., 2016).

We previously identified two maize (Zea mays) lines, re-
current parent RP and near-isogenic line NIL B, that differ in
WUEplant, iWUE, stomatal conductance, stomatal density,
leaf ABA concentrations, growth sensitivity to drought, and
kernel carbon isotope discrimination (D13C; Gresset et al.,
2014; Avramova et al., 2019). All of these traits were associ-
ated with a 55 Mb introgression on chromosome 7 differing
between RP and NIL B. RP, the recurrent parent of the in-
trogression library, is an elite Southeastern-European dent
(Z. mays indentata) line with high drought tolerance. The in-
trogression of NIL B originates from a drought-sensitive flint
(Z. mays indurata) donor parent of the introgression library
used for kernel D13C mapping (Gresset et al., 2014). The
close genetic similarity of NIL B and RP (Avramova et al.,
2019) made the two genotypes an excellent starting point
to unravel the genetic basis and causal connection between
the traits. While the influence of ABA on stomatal conduc-
tance and the connection to WUEplant and drought sensitiv-
ity has been shown in multiple species (Zhang, 2014; Leakey
et al., 2019), the relationship between D13C and WUEplant in
C4 plants requires further research (Eggels et al., 2021).

The D13C of dry matter is influenced by the extent of dis-
crimination against the heavier isotope 13C relative to 12C
during carbon fixation processes. D13C depends strongly, but
not exclusively, on the ratio of intercellular (Ci) to ambient
(Ca) CO2 concentration (Farquhar, 1983), which can be de-
rived directly from iWUE. Due to the close relationship be-
tween D13C and iWUE and because it is a relatively easy

parameter to measure in a large number of genotypes, D13C
of plant biomass has been established as a proxy for iWUE
and WUEplant in C3 plants (Condon et al., 2004; Chen et al.,
2011). In C4 plants, however, the initial carbon fixation by
phosphoenolpyruvate carboxylase (PEPC) and the compart-
mentalization of photosynthesis into two cell types (which
is associated with the leakage of CO2 from bundle sheath
cells back to mesophyll cells [leakiness]) commonly reverse
and weaken the correlation of D13C and iWUE compared to
C3 plants (von Caemmerer et al., 2014).

In the present study, we show that in the C4 crop maize,
the single gene ZmAbh4, encoding an ABA 80-hydroxylase,
can alter both WUE and D13C. Through genetic dissection
of a 55 Mb region on chromosome 7 associated with both
traits, we identified ZmAbh4 as the causative gene and veri-
fied its effect using targeted knockouts. Furthermore, we
demonstrate that the association of WUEplant and D13C in
the studied maize lines originates from the correlation of
photosynthetic D13C with the ratio of intercellular and am-
bient CO2 levels (Ci/Ca). Our findings point to the potential
of using D13C as a proxy for WUE in maize, and identify a
gene with potential applications for maize breeding.

Results

Both WUE and D13C are modulated by ZmAbh4
The two maize lines, the recurrent parent RP and NIL B,
share 97% genome identity and differ in a 55 Mb introgres-
sion on chromosome 7 associated with changes in WUEplant,
iWUE, and differences in kernel carbon isotope discrimina-
tion (D13CKernel) of field-grown plants (Avramova et al.,
2019; see also Supplemental Figure S1, A–C). The lower
iWUE in NIL B is explained by its higher stomatal conduc-
tance (gs), whereas it only has a minor increase in the assim-
ilation rate compared to RP (Supplemental Figure S1, D and
E). Additionally, leaf ABA levels are lower in NIL B
(Supplemental Figure S1F) and are a likely cause for the
higher stomatal conductance of this line, as ABA negatively
affects stomatal aperture (Mittelheuser and Van Steveninck,
1969). We used both maize lines as a starting point to iden-
tify genes responsible for the observed differences in WUE
and D13C.

In a mapping population consisting of 1,306 plants de-
rived from the backcross of NIL B to RP, 342 recombinants
were identified and eight homozygous lines (named NIL D-
K; Figure 1A) comprising recombinant breakpoints within
the target region were developed (Supplemental Table S1).
With respect to the traits gs, iWUE, WUEplant and D13CKernel,
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the eight near-isogenic lines (NILs) either resembled RP or
NIL B (Figure 1A; Supplemental Table S2A). The four NILs E,
G, J and I share a �200 kb segment (129.798–129.995 Mb)
associated with all the measured traits. This chromosomal
segment spans two annotated genes in the maize B73 refer-
ence genome (Zm-B73-REFERENCE-GRAMENE-4.0; Jiao
et al., 2017): the ZmHsftf21 gene (Heat shock factor transcrip-
tion factor 21, also known as Heat shock factor protein 4)
and the ZmAbh4 gene (ABA 80-hydroxylase 4, also known as
ZmABA8Ox3a). ZmHsftf genes are known to play a role in
abiotic stress responses (Zhang et al., 2020), and ZmAbh
genes take part in ABA catabolism (Okamoto et al., 2009). A
functional difference between the ZmAbh4 allele of RP and
NIL B might explain the observed variation in leaf ABA
levels.

To further dissect the introgressed chromosome region, a
backcross of NIL G to RP was performed and resulted in the
identification of NIL G_1 and NIL G_2, which differ only in
the ZmAbh4 allele (Figure 1B), while both carry the NIL B al-
lele of ZmHsftf21 (Supplemental Figure S2). The ZmAbh4 al-
lele in NIL G_1 originates from RP from approximately 50
bp before the translation start site until the end of the 30

UTR (Figure 1B). The promoter and any other proximal up-
stream regulatory elements, which could potentially influ-
ence gene expression, originate from NIL B in both lines
(Supplemental Figure S2). Phenotyping of NIL G_1 and NIL
G_2 demonstrated that the higher ABA, lower gs, higher
iWUE, and D13CKernel are caused by the RP ZmAbh4 allele

(Figure 1B; Supplemental Table S2B). Genomic sequencing
of chromosomal DNA fragments covering the ZmAbh4 locus
(Supplemental Data Set S1) identified an 18 kb insertion be-
tween the fourth and fifth exon of ZmAbh4 that is not pre-
sent in the NIL B allele (Figure 1B) and might impair the
formation of the mature transcript. Additional polymor-
phisms within the gene and proximal sequences mainly lead
to conservative amino acid exchanges and do not affect
domains known to be important for the function of the
gene (Supplemental Table S3).

ZmAbh4 was annotated as encoding an ABA 80-hydroxy-
lase (ABH; Jiao et al., 2017). ABHs are key enzymes of the
predominant catabolic pathway of ABA that catalyze the
first step of the reaction, the 80-hydroxylation of ABA to 80-
hydroxyabscisic acid, which in turn isomerizes to phaseic
acid (PA) and is further catabolized to dihydrophaseic acid
(DPA; Figure 2A; Krochko et al., 1998).

We demonstrated the functionality of the ZmAbh4-
encoded enzyme as an ABA 80-hydroxylase by detecting ele-
vated PA levels in the supernatant of ZmAbh4-expressing
yeast incubated in the presence of ABA (Figure 2B).
Consistent with an ABA catabolic function of ZmABH4,
ABA-induced signaling in Arabidopsis thaliana protoplasts
was efficiently decreased (90%) by expressing the hydroxy-
lase (Figure 2C). The cDNAs of the ZmAbh4 alleles of NIL B
and RP were able to decrease ABA-induced signaling to a
similar extent, which suggests that polymorphisms found in
the exons did not contribute to the observed phenotype.

RP

NIL G_2

NIL B

NIL G_1

ZmAbh4B
1

0.05
0

0.5

0.1
promoter

18kb insertion

exon

RP
NIL B
NIL D
NIL K
NIL F
NIL J
NIL E
NIL G
NIL I
NIL H

A Chromosome 7 
(positions in Mb)11

1

16
6

1
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0

0.5

0.1

ZmAbh4ZmHsftf21

Figure 1 Genetic dissection of a 55 Mb region on chromosome 7 identifies ZmAbh4 as modulating WUE and D13C in maize. A, Genomic composi-
tion of nine near-isogenic maize lines (NILs) and the recurrent parent (RP) in the region between 111 and 166 Mb on chromosome 7. Illustrated
are homozygous introgressions from a donor parent in the genetic background of the recurrent parent. Dotted line marks the 200 kb region
(129.798–129.995 Mb), where the genes ZmHsftf21 and ZmAbh4 are located. Breakpoint positions for all NILs are given in Supplemental Table S1.
B, ZmAbh4 gene structure in RP and three NILs. The RP allele of the gene (blue) contains an 18 kb insertion in intron 4 (marked by a triangle),
which is not present in the NIL B allele (green). The respective properties of the NILs compared to RP (two-sided Dunnett’s test) in terms of kernel
carbon isotope discrimination (D13CKernel), whole plant WUE (WUEplant), intrinsic water use efficiency (iWUE), stomatal conductance (gs), and
ABA leaf concentrations were assessed and P-values are presented as heatmaps (P5 0.05 in green). Means ± SD and n are presented in
Supplemental Table S2.
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The ZmAbh4-mediated decrease in ABA signaling is de-
pendent on ABA-hydroxylase levels (Figure 2C), which might
be compromised in RP and NIL G_1 because of the insertion
in the ZmAbh4 allele. The insertion is located between exons
4 and 5 of the primary transcript and likely impairs its matu-
ration. Hence, we analyzed the correct splicing of the
ZmAbh4 transcript in leaves of RP and NIL B using primer
pairs spanning each of the seven introns (Supplemental Table
S4). At exon 5, the mature transcript levels of RP were close
to the detection limit, and low transcript levels were also
maintained at the subsequent exons compared to NIL B
(Supplemental Figure S3). Transcript levels in NIL G_1 and
NIL G_2 showed similar patterns to RP and NIL B, respec-
tively, when measured with the same set of primers spanning
the fourth intron (Figure 2D). Examining the 18 kb insertion
in this intron using an established annotation pipeline (Ou
et al., 2019) led to the identification of a non-autonomous
Helitron transposon (sequence ontology SO:0000544) + 39
and + 41 bp upstream of the donor splice site and coding
exon end, respectively. Transposable elements have been
found to commonly disrupt transcription (Han et al., 2004).
The findings pinpoint the near loss of ZmAbh4 function pos-
sibly resulting from this Helitron insertion as the cause for
higher WUEplant and D13C in RP.

The impaired expression of ZmABH4 in RP was expected
to decrease ABA catabolism. Indeed, elevated ABA levels
and decreased PA/ABA ratios were detected in the leaves of

all genotypes carrying the RP allele of ZmAbh4 compared to
genotypes carrying the NIL B allele (Figure 2E; Supplemental
Table S2). Elevated leaf ABA levels can explain the lower gs

leading to higher iWUE, WUEplant and higher D13C in the
genotypes carrying the RP allele compared to those carrying
the NIL B allele of the gene (Figure 1; Supplemental Table
S2). We, therefore, conclude that ZmAbh4 controls ABA lev-
els in the leaves and causes the observed differences in gs,
iWUE, WUEplant and D13CKernel in the analyzed genotypes
(Figure 1; Supplemental Figure S1).

Targeted mutations in the coding region of ZmAbh4
cause changes in WUE and D13C
To investigate whether targeted mutations into the coding
sequence of ZmAbh4 cause a similar phenotype to that of
the RP allele, we generated CRISPR/Cas9 mutants in a differ-
ent genomic background (inbred line B104). Two indepen-
dent CRISPR/Cas9 mutants, abh4.41 and abh4.39, showed a
157 bp deletion and a 1 bp insertion in ZmAbh4, respec-
tively, both resulting in frameshifts and premature stop
codons (Supplemental Figure S4, A and B). The non-
functionality of the mutant alleles was verified using the
established yeast assay (Eggels et al., 2018; Supplemental
Figure S4C).

The knockout of ZmAbh4 in the mutants was expected
to affect the concentration of ABA and its catabolites in
maize leaves. The ABA content in the leaves of well-watered

Figure 2 ZmAbh4 encodes an ABA 80-hydroxylase that modulates ABA catabolism in the maize leaf. A, Main catabolic pathway of ABA. B, ABA
80-hydroxylase encoded by the NIL B ZmAbh4 allele converts ABA to PA, as shown by ZmAbh4 expression in yeast. Concentration of PA in the su-
pernatant of the yeast culture was normalized to the OD600nm of the culture at harvest. In the control (yeast without ZmAbh4 expression), PA
was below the detection limit. C, ABA signaling in Arabidopsis protoplasts that were transiently transfected with varying amounts of ZmAbh4
(NIL B allele) effector DNA with equal amounts of total DNA (5 mg, adjusted with vector control) and incubated in the presence or absence of 10
mM ABA. ABA signaling is given as ABA-dependent luciferase induction relative to the value without exogenous ABA and effector DNA. Means ±
SE (n = 6 transfections of 105 protoplasts each). Transfection with 3 mg cDNA of the RP and NIL B alleles of ZmAbh4 resulted in equal reductions
in ABA signaling for both alleles. D, Transcript levels of ZmAbh4 in the leaves of plants at the V5 stage, measured with primers spanning intron 4.
Means ± SE (n = 4–6 plants). E, Ratio of leaf 5 PA and ABA concentrations in the last developed leaves at the V5 stage. Means ± SE (n = 7–8
plants). Significant differences (LSD test) in (D) and (E) are marked with different letters.
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plants was similar in the mutants and respective wild types
(WTs; Figure 3A). However, the ratio of the catabolite PA to
ABA was clearly reduced in both abh4 mutants (Figure 3B),
indicating reduced ABA 80-hydroxylation. When subjected
to mild drought stress followed by rewatering, significant dif-
ferences between abh4.41 and WT.41 were found in the PA/
ABA ratio under both conditions and also for ABA levels
under drought (Figure 3, C and D).

Consistent with observations in the NILs, the two abh4
mutants showed a significant reduction in gs, which was as-
sociated with only a minor reduction in the apparent rate
of CO2 assimilation (Figure 3E, P5 0.05 for the comparison
abh4.41 to WT.41, P5 0.1 for abh4.39 to WT.39). Therefore,
iWUE was increased in the abh4 mutants relative to their
respective WTs (Figure 3F). This increase in iWUE translated
to increased WUEplant for abh4.41, and a trend towards in-
creased WUEplant was also observed for abh4.39, although it
was below the significance threshold (0.055 P5 0.1;
Figure 3G). We, therefore, conclude that a significant in-
crease in WUE (iWUE and WUEplant) of maize can be
achieved by the loss-of-function of a single gene, despite the
polygenic nature of the trait.

The higher D13C detected in kernels of the abh4 mutants
compared to their WTs (Figure 3H) is further evidence for
the connection of iWUE and WUEplant with D13C in maize.
Overall, the effects on gs, WUE, and D13C of targeted muta-
tions in the coding sequence of ZmAbh4 led to a similar
phenotype to the impaired formation of the complete tran-
script in the RP allele and were stable across the two differ-
ent genomic backgrounds examined in this work.

No consistent differences in growth were observed for RP
and NIL G_1, carrying the near loss-of-function ZmAbh4 al-
lele, compared to NIL B or NIL G_2, respectively, nor for the
abh4 mutants compared to their WTs (Supplemental Figure
S5, A and B; Figure 3I. Additionally, no consistent disadvan-
tage regarding germination rate and yield components such
as kernel number per cob and thousand kernel weight could
be observed due to the disruption of ZmAbh4 function
(Supplemental Figure S5, C–J).

D13C of leaves and kernels reflects differences in
photosynthetic carbon isotope discrimination
caused by stomatal conductance
Analyses of NILs and mutants demonstrated that the higher
iWUE caused by the loss of functional ZmAbh4 transcript is
accompanied by higher D13CKernel. Over the different geno-
types and experiments, a positive relationship between
iWUE and D13CKernel was observed under the assumption
that the carbon isotopic composition of air was comparable
in all experiments (Figure 4A). Online measurements of the
photosynthetic D13C of RP and NIL B showed that differen-
ces in photosynthetic D13C underlie the link between the
observed differences in gas exchange and D13CKernel.
Photosynthetic D13C was significantly lower in NIL B com-
pared to RP, which is consistent with the lower D13C mea-
sured in dried leaf material at different developmental stages

and in kernel material from NIL B (Figure 4B; Supplemental
Figure S6B). This strongly suggests that these differences in
D13C during photosynthesis persist throughout the plant
lifecycle and are causative for the differences in D13C in leaf
and kernel material.

The 20% lower photosynthetic D13C in NIL B compared
to RP was associated with a simultaneously 25% higher ratio
of intercellular-to-ambient CO2 concentration (Ci/Ca) ob-
served in NIL B, demonstrating a negative dependence of
D13C on Ci/Ca (Figure 4C). Ci/Ca and iWUE are inversely
linked because they are contrastingly influenced by stomatal
conductance, so the observed relationship of both photo-
synthetic and kernel D13C with iWUE is positive
(Supplemental Figure S6A; Figure 4A). A negative relation-
ship of D13C and Ci/Ca, i.e. positive relationship of D13C and
iWUE, is expected if the extent of leakage of CO2 from bun-
dle sheath to mesophyll cells (leakiness) is less than 0.37 be-
cause of the enrichment of 13C associated with the initial
carbon fixation step (Farquhar, 1983). Mean estimates of
leakiness based on the simplified D13C model (Farquhar,
1983) were below this threshold and were lower in NIL B
(0.27± 0.02) than in RP (0.34± 0.04). In addition to the effect
of Ci/Ca, such differences in leakiness might thus have con-
tributed to the differences in D13C between the two
genotypes.

In summary, iWUE and thus Ci/Ca drive changes in D13C
during photosynthesis in RP and NIL B, which are reflected
in D13C values of leaves and kernels. The decrease in iWUE
in NIL B is driven by the higher stomatal conductance,
which does not cause a corresponding increase in assimila-
tion, because the assimilation rates of the NILs are close to
saturation at ambient CO2 concentrations of 400 ppm
(Supplemental Figure S7A). Measuring chlorophyll content
and the activities of the carboxylating enzymes PEPC and
Rubisco did not give any indications of the involvement of
additional factors linked to assimilation (Supplemental
Figure S7, B–E). Therefore, we conclude that stomatal con-
ductance is the main factor explaining the simultaneous
changes in iWUE and D13C in maize.

Discussion
We demonstrated that, although WUE is a complex quanti-
tatively inherited trait (Wang et al., 2018), the gene ZmAbh4
can induce significant changes in stomatal conductance and
WUE. ZmAbh4 alleles show environmental plasticity and al-
low for the fine-tuning of WUE depending on the environ-
mental scenario. Both higher and lower WUE can be
beneficial for the final crop yield under drought, depending
on the severity and duration of the stress (Tardieu et al.,
2018). Selecting for either the functional or non-functional
allele thus allows breeders to modulate these traits depend-
ing on environmental conditions. The co-occurrence of a
Helitron transposon and of altered transcript levels for the
RP allele measured using primers downstream of this trans-
poson (Figure 2D, Supplemental Figure S3) provides strong
support for the notion that the 18 kb insertion in the fourth
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intron is likely the causative mutation for the phenotypic
differences between the RP and NIL B genotype. This inser-
tion is molecularly detectable as a natural variant of the

gene. Screening of the publicly available genome assemblies
of 25 American NAM (Nested Association Mapping) parents
(Hufford et al., 2021) by BLAST analysis and a set of 30
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Figure 3 Functional inactivation of ZmABH4 by CRISPR/Cas9 alters the ratio of PA to ABA and water relations in maize. A–D, Content of ABA,
and the ratio of the first stable product of ABA 80-hydroxylation, PA, relative to ABA in fully developed leaves measured (A and B) in leaves of
well-watered plants (n = 21–25 plants), (C and D) in leaves of plants grown under either well-watered conditions, mild drought stress, or mild
stress with subsequent rewatering (n = 4–5 plants, shown are means ± SE and individual data points). E, Assimilation rate (AN) over stomatal con-
ductance (gs) of well-watered plants (n = 16–17 plants, mean ± SE). The percentage decrease in the mean value of the mutant relative to its WT is
shown for AN and gs. F, Intrinsic water use efficiency (iWUE) calculated from data shown in E (n = 16–17 plants). G, WUEplant of plants grown un-
der progressive drought to determine the dry weights plants are capable of attaining with a given amount of water, n = 14–22 plants. H, Carbon
isotope discrimination of kernels (D13CKernel), n = 18–22 plants. Bars show means ± SE. Boxplots with center line, median; box limits, upper and
lower quartiles; whiskers, 1.5� interquartile range. One-sided Student’s t test between the abh4 mutant and respective WT with ***P5 0.001,
**P5 0.01, *P5 0.05. I, Phenotypes of well-watered mutant and WT plants.
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American and European lines by PCR (Supplemental Figure
S8) identified only two genotypes (Mo17 and EC49A) carry-
ing this allele. As both alleles of ZmAbh4 were identified in
elite genetic material (Gresset et al., 2014), we hypothesize
that the advantageous effect of the mutation causing in-
creased WUE via reduced stomatal conductance is beneficial
only in some target environments.

The loss of ZmAbh4 function through CRISPR/Cas9
knockout led to significant differences in ABA content un-
der mild drought stress (Figure 3C) but did not have a sig-
nificant influence on ABA levels under well-watered
conditions (Figure 3A). Similarly, ABA measurements
obtained from knockouts of the homologous gene ZmAbh2
showed significant changes between mutant and WT only
for drought-stressed plants (Liu et al., 2020). Still, the alter-
ation of PA/ABA ratio under well-watered conditions in the
abh4 mutants compared to the respective WT shows that
the ZmAbh4 knockouts cause shifts in phytohormone ho-
meostasis even under these conditions (Figure 3B). Further
research is needed to determine if the effect of the ZmAbh4
knockout is restricted to specific tissues or cell types within
the leaves, which might lead to non-detectable differences
at the whole leaf level but still affect the plant’s gs and
iWUE, as observed here (Figure 3, E and F).

In addition to modulating ABA homeostasis by knocking
out an ABA catabolic gene, altering ABA sensitivity by over-
expressing ABA receptors led to an increase in WUE in
Arabidopsis (Yang et al., 2016) and wheat (Triticum aesti-
vum; Mega et al., 2019). The knockout of ZmAbh2, a maize
homologue of ZmAbh4 also expressed in leaves, enhanced
drought tolerance, demonstrating another beneficial effect
of modulating ABA catabolism (Liu et al., 2020).
Overexpression of the E3 ubiquitin ligase gene ZmXerico1
achieved increased WUE and drought tolerance in maize by
influencing ABA homeostasis (Brugière et al., 2017).
ZmXerico1 was suggested to regulate the protein stability of
ZmABH1 and ZmABH4. In addition to enhanced WUE, its
overexpression led to ABA hypersensitivity, as demonstrated
by increased suppression of root elongation under ABA
treatment in maize and decreased germination rates in
Arabidopsis. The five members of the ZmAbh gene family in
maize have tissue-specific expression (Vallabhaneni and
Wurtzel, 2010), with the highest expression of ZmAbh1 in
roots and the highest expression of ZmAbh4 in leaves. We
showed that targeting ZmAbh4 directly allows for the fine-
tuning of ABA concentrations in leaves without observable
undesirable effects on other traits such as germination or
growth (Supplemental Figure S5). We conclude that the

Figure 4 Carbon isotope discrimination (D13C) is physiologically linked to WUE. A, Association of kernel D13C (D13CKernel) and intrinsic WUE
(iWUE) measured at stage V5/6 in different experiments (Exp. 1–3) and genotypes (data from Figures 1, 3, and 4B. Data from near-isogenic lines
(NILs) carrying the recurrent parent (RP) ZmAbh4 allele or the NIL B allele, and from abh4 CRISPR mutants (abh4 mut) and their wild types (WT)
are shown). Plants were grown in a greenhouse for Exp. 1 and 3 and in a growth chamber for Exp. 2. Shown are means ± SE for each genotype per
experiment. B, D13C derived from isotopic compositions of dry matter (D13CKernel, n = 9 plants; D13CLeaf, n = 17–18 plants) and photosynthetic
D13C (D13CPhotosynthetic, n = 14 plants) from online gas exchange measurements for RP and NIL B. Bars indicate mean ± SE. Significant differences
compared to RP based on two-sided Student’s t test are indicated by ***P5 0.001. C, Relationship between D13CPhotosynthetic and concurrently
measured ratio of intercellular to ambient CO2 concentration (Ci/Ca) in RP and NIL B.
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ZmAbh gene family has potential for crop improvement and
is worthy of further exploration.

In crop breeding, one of the major limiting factors for the
selection of genotypes with differences in WUE is the lack of
high-throughput screening, as measuring both iWUE and
WUEplant is time-consuming and labor-intensive. In C3 crops,
D13C has been established as an efficient proxy for estimat-
ing WUE at high throughput and has been implemented in
a breeding program (Condon et al., 2004). The association
of D13C and WUE was suggested to hold true for C4 plants
(Henderson et al., 1998; Twohey et al., 2019; Ellsworth et al.,
2020), which represent a large proportion of crops in culti-
vated areas, but direct physiological and genetic evidence
for this has been lacking. Here we showed that in maize, the
two traits D13C and WUE are influenced by a common
gene, ZmAbh4. Stomatal conductance was the central trait
causing co-variation of iWUE and photosynthetic D13C mea-
sured during gas exchange, resulting in a positive correlation
of WUE and D13C derived from dried plant material (leaves,
kernels). Differences in leaf and kernel D13C reflected differ-
ences in the D13C during photosynthesis. Our study demon-
strates the potential of using D13C as a proxy for WUE in
maize, yet further research is needed to determine if this re-
lationship between D13C and WUE holds across diverse ge-
netic material.

Materials and methods

Plant material
Two previously described (Avramova et al., 2019) maize
(Zea mays) lines, RP and NIL B, (genomic background of a
dent inbred line belonging to the non-Stiff Stalk heterotic
group) and lines originating from a cross between them
were used for the experiments. Additionally, CRISPR/Cas9
mutants in the B104 genomic background were studied.
B104 is a temperate American inbred line of the Stiff Stalk
heterotic group commonly used to obtain transgenic plants
(Feys et al., 2018).

Generating recombinant NILs
Crossing NIL B and RP resulted in an F2 mapping population
including NILs with recombination events in the introgres-
sion on chromosome 7 carried by NIL B (55 Mb).
Homozygous lines with different recombinant breakpoints
within this target region (Supplemental Table S1) were
obtained by self-pollination of selected F2 plants and used
for phenotyping. The genomic background of these lines
and the lengths of their introgressions were tracked by gen-
otyping with the 600 k AxiomTM Maize Genotyping Array
(Unterseer et al., 2014). One of the homozygous lines (NIL
G) was further backcrossed to RP, and a plant heterozygous
for recombination events at the ZmAbh4 locus was selected
in the F2 generation and self-pollinated. After genotyping
the progeny of this plant, two homozygous lines were se-
lected: NIL G_1 and NIL G_2. NIL G_2 has the same geno-
type as the parent NIL G, whereas NIL G_1 differs from NIL

G and NIL G_2 only at the ZmAbh4 locus, where it carries
the RP instead of the NIL B allele.

Obtaining CRISPR/Cas9 mutants
The genomic sequences of ZmAbh genes of maize inbred
line B104 were obtained from MaizeGDB (www.maizegdb.
org; Portwood et al., 2019). Two target sites (5’-N20NGG-3’)
per gene were selected based on the location within the first
exons, high-efficiency scores, and low number of unrelated
off-targets (Concordet and Haeussler, 2018).

Cloning was performed via Gateway reactions as described
(Xing et al., 2014). The plasmids pBUN411, pCBC-MT1T2,
pCBC-MT2T3, and pCBC-MT3T4 were gifts from Qi-Jun
Chen, China Agricultural University, Beijing, China (Addgene
plasmid # 50581 # 50593, # 50594 # 50595; Xing et al., 2014).

CRISPR/Cas9 mutants of ZmAbh4 were generated in
the maize inbred line B104 background using four gRNAs
targeting ZmAbh4 and ZmAbh1 (CGTGGAACGTGCTTC
TGACG and GCCTTGTAATGGAGCGTCCC targeting
ZmAbh4, AGGATGTGCGTCTTGAAGAT and GCTGCGCT
CGCTCGAGTCCT GGG targeting ZmAbh1). Agrobacterium-
mediated transformation was performed at the VIB Center
for Plant Systems Biology, Ghent, Belgium. In the T1 genera-
tion, two Cas9 null segregants (41 and 39) were selected for
detailed analysis. The lines, which originated from different
events, carried individual mutations in ZmAbh4 and the WT
genotype for all homologous genes. The segregating T2 gen-
eration was genotyped and classified into homozygous
mutants (abh4.41 or abh4.39) and respective wild types
(WT.41 or WT.39) originating from the same cob.
Phenotyping was performed in theT2 and T3 generations.

Growth conditions
If not stated otherwise, all phenotyping was conducted on
plants grown in the greenhouse (Plant Technology Center,
Technical University of Munich, Freising, Germany). Plants
that were grown for 2–3 weeks in a growth chamber under
previously described conditions (Avramova et al., 2019) were
transferred to 8 L of soil in the greenhouse. Environmental
conditions in the greenhouse were maintained at 25�C–
35�C/18�C–20�C day/night, 40% relative humidity (RH), and
light intensity of 600 mmol m–2s–1 supplemented by ceramic
metal-halide lamps when needed.

For mild drought stress applied to the CRISPR mutants, 3-
week-old plants were transferred to pots with 8 L of sifted
soil (B 480, Stender, Germany) in the greenhouse. All plants
were well-watered for four additional days before water was
withheld for the drought (D) and rewatering (R) groups
while the well-watered (W) group received daily watering to
58.5% volumetric soil water content (SWC, volume of water
divided by initial soil volume: 4.68 L/8 L). Plants under R
conditions were rewatered on the 10th day, and leaves were
harvested 5 h later from plants under all conditions. At har-
vest, group D still experienced mild stress (SWC 31%), while
plants in groups W and R did not show stress symptoms
(SWC 55%).
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Concurrent measurements of photosynthetic D13C and
gas exchange, recording of A/Ci curves (see below), as well
as comparative phenotyping of NIL G_1, NIL G_2, RP and
NIL B were performed with plants grown in a growth cham-
ber at the Plant Technology Center (Technical University of
Munich, Freising, Germany) with 800 lmol m–2 s–1 light in-
tensity at plant height provided by cool-white fluorescent
tubes and warm-white light-emitting diode (LED) bulbs and
60% RH until reaching plant stage V5/6.

For all experiments, plants were arranged in a randomized
complete block design. The developmental stages of maize
were determined according to https://www.pioneer.com/us/
agronomy/staging_corn_growth.html.

To measure D13CKernel in field-grown plants, plants were
grown in Freising, Germany (48�24012.200N, 11�43022.300E) in
2019. Supplemental watering was applied when necessary to
avoid drought stress. The genotypes under study were part
of a trial containing 91 entries that were planted in a ran-
domized complete block design with three replications per
entry (genotypes described in this study were present as du-
plicate entries) and analyzed as described previously
(Avramova et al., 2019).

Determination of whole-plant water use efficiency
Assessment of WUEplant was performed as previously de-
scribed (Yang et al., 2016; Avramova et al., 2019). Plants
were grown in the growth chamber for 2 weeks until vegeta-
tive stage V3-4, transferred to 10 L watertight pots filled
with 8 L of sifted soil (CL ED73, Einheitserde, Germany) in
the greenhouse, and watered with 4.7 L to field capacity.
Evaporation from the soil was minimized, and no further
watering was applied. Soil water content (SWC) was tracked
through gravimetric measurements. The aboveground bio-
mass of the plants (attained with the initially supplied
amount of water) was determined when all plants had
stopped growing and started senescing. The plant material
was dried for 2 weeks at 60�C. WUEplant was calculated by
dividing aboveground dry biomass by the amount of water
consumed during the greenhouse experiment.

Gas exchange measurements
Measurements of gas exchange parameters were performed
with an LI-6800 portable photosynthesis system (LI-COR
Inc., Lincoln, NE, USA) on the youngest fully expanded leaf
at plant stage V5/6. Measurements were performed at a
CO2 concentration of 400 ppm, photosynthetic photon flux
density of 1,500 mmol m–2s–1, leaf temperature of 25�C–
26�C, and RH of 50%. The measurements were recorded ev-
ery 30 s for 30–45 min. The values for A, gs and Ci in the
stable phase of the recording of 10 measurements were
used to calculate the respective mean values. Intrinsic WUE
was calculated as A/gs. A/Ci curves were recorded at a PAR
of 1,500 lmol m–2 s–1 and ambient CO2 concentrations of
635 ppm, 405 ppm, 210 ppm, 125 ppm, 90 ppm, 60 ppm,
35 ppm, and 25 ppm using an LI-6400 portable photosyn-
thesis system (LI-COR Inc., Lincoln, NE, USA). Specific leaf
area (ratio of leaf area to dry weight) was assessed on the

leaf piece used to measure A/Ci curves and did not differ
between RP and NIL B.

To allow the plants to recover from any disturbing impact
of the gas exchange measurement, the respective leaves
were harvested earliest 1 day later and snap-frozen for fur-
ther analyses.

D13C analysis
To analyze dry matter carbon isotopic composition (d13C),
finely ground dried plant material was used. To analyze d13C
of leaves, the midvein was removed before grinding. To ana-
lyze kernels, a minimum of 5 kernels was pooled. Drying was
performed either at 60�C in the oven or by lyophilization,
and 3 mg of ground material was weighed into a tin capsule
(5 � 8 mm IVA Analysentechnik e.K., Meerbusch, Germany)
with 4 capsules per plant. Carbon isotopic composition was
determined by isotope ratio mass spectrometry (Werner and
Rossmann, 2015) by Isolab GmbH, Schweitenkirchen,
Germany and expressed relative to the standard V-PDB.

Dry matter-derived D13C was calculated as described
(Farquhar et al., 1989):

D13C ¼ ðd13Cair � d13CpÞ ð1þ d13CpÞ�1

where d13Cp is d13C of the plant sample and d13Cair is d13C
of the CO2 in the air, taken as –8& for all experiments.

Concurrent measurements of photosynthetic
D13C and gas exchange
The plants were grown in a growth chamber as described
above and supplied with CO2 of a controlled concentration
of 400 ppm and known carbon isotopic composition mixed
from dry air CO2 and tank CO2. Gas exchange measure-
ments were performed when plants reached developmental
stage V5/6 on the youngest fully developed leaf with an LI-
6400 portable photosynthesis system (LI-COR Inc., Lincoln,
NE, USA). To measure online D13C, the leaf cuvette of the
LI-6400 was coupled to a continuous-flow isotope ratio
mass spectrometer (IRMS, Deltaplus Advantage equipped
with GasBench II, ThermoFinnigan, Bremen, Germany) as
described by Gong et al. (2015). Precision (SD) of the IRMS
was 0.12&. In the leaf cuvette, a temperature of 25�C, light
intensity of 1,500 mmol m–2s–1, RH of 60%, and CO2 concen-
tration of 400 ppm were maintained for the measurements.
CO2 of the same isotopic composition was supplied to the
gas exchange measurement system and the growth
chambers.

D13C was calculated as:

D13C ¼ nðdout � dinÞ
1þ dout � nðdout � dinÞ

;

where n = Cin/(Cin – Ca), Cin is the CO2 concentration and
din is the carbon isotopic composition of the air supplied to
the leaf cuvette, and Ca is the CO2 concentration and dout is
the carbon isotopic composition of the air exiting the leaf
cuvette. n was kept below 7 during measurements.
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Yeast assay for ABA 80-hydroxylase functionality
The yeast assay to detect ABA 80-hydroxylase function was
performed as described (Eggels et al., 2018) with slight modi-
fications. Transformed yeast cells were cultivated in selective
minimal medium (synthetic complete medium lacking ura-
cil, SC-U) throughout the experiments.

Measurements of ABA and its catabolites
The contents of ABA and its catabolite in leaves were deter-
mined as previously described (Chaudhary et al., 2020).
Ground leaf material (100–200 mg fresh weight), spiked
with internal standard (( + )cis,trans-abscisic acid-d6 in aceto-
nitrile), was extracted with ethyl acetate (shaking 3 � 20 s
at 6,000 rpm with 40 s breaks in a bead beater; Precellys
Homogenizer, Bertin Technologies, Montigny-le-Bretonneux,
France). The membrane-filtered supernatant was evaporated
to dryness and dissolved in acetonitrile (70 mL), before injec-
tion (2 mL) into the LC-MS/MS system.

Similarly, the PA content in the supernatant of trans-
formed yeast was determined by spiking the sample with in-
ternal standard and directly injecting the membrane-filtrate
(2 mL) into the LC-MS/MS system.

Chromatographic separation and metabolite detection
were conducted by UHPLC-MS/MS. Multiple reaction moni-
toring transitions in positive mode for specific product ions
were 263!153 (quantifier) and 263!219 (qualifier) for
( + )cis,trans-abscisic acid-d0, 269!159 (quantifier) and
269!225 (qualifier) for ( + )cis,trans-abscisic acid-d6, and
279!139 (quantifier) and 279!205 (qualifier) for PA-d0.
ABA content is given relative to fresh weight of the leaf
material.

Determination of RUBISCO and PEPC activities
Enzyme activities were measured at the Max Planck
Institute for Molecular Plant Physiology (Golm, Germany).
Measurement of initial and total Rubisco activities (Sulpice
et al., 2007) as well as PEPC activity (Gibon et al., 2004)
were based on the described protocols.

Determination of leaf chlorophyll content
Photosynthetic pigments were extracted by repeated extrac-
tion of �30 mg frozen, ground plant material with 1 mL
95% ethanol containing traces of CaCO3 in a Tissue Lyser II
(Retsch, Qiagen, Netherlands). Absorptions of the superna-
tant were determined in an Epoch Microplate
Spectrophotometer (BioTek, USA) at wavelengths of 649
and 664 nm and used to calculate the concentrations of
chlorophyll a and b as described (Lichtenthaler, 1987).

Analysis of ABA signaling in protoplasts
Arabidopsis Col-0 protoplasts were isolated and analyzed as
described (Moes et al., 2008). Approximately 105 protoplasts
were transfected with 5 mg reporter plasmid (pRD29B:LUC),
3 mg control plasmid (p35S:GUS), and 5 mg DNA consisting
of control and effector plasmids in varying concentrations
to titrate the effector plasmid at a constant total DNA con-
tent. Effector plasmids were cloned as described (Chiasson

et al., 2019), expressing the gene of interest under the con-
trol of the p35S + S1 promoter. Transformed protoplasts
were incubated overnight in buffer with or without 10 mM
ABA. Analyses were conducted with 6 transfections of 105

protoplasts each. Normalization of the ABA-signaling deter-
mined via luciferase activity was done by assessing GUS ac-
tivity. Data are presented relative to the normalized activity
using 0 mg effector plasmid incubated without ABA.

Assessment of agronomic traits
Plant height was measured from the soil to the tip of the
highest leaf, after all leaves were pulled upwards.

Germination tests were conducted in three replications
with 50 kernels each. After 5 min imbibition in deionized
water, the kernels were placed embryo-side down between
two layers of filter paper in a 20 � 20 cm2 Petri dish. The
filter paper was soaked in 15 mL tap water, and an addi-
tional 5 mL of water was added after the first day of incuba-
tion at 28�C. Germinated kernels, defined based on radicle
emergence, were counted on the third day, and germination
rate was calculated as germinated kernels/total kernel num-
ber tested.

Thousand kernel weight was determined after manual pol-
lination in the greenhouse. Cobs with kernel numbers 530
were excluded from analysis.

Transcript level measurements
RNA was extracted from leaves using a modified protocol
(Logemann et al., 1987), followed by DNase digestion and
first-strand cDNA synthesis (Maxima H Minus Kit, random
hexamer primers, Thermo Scientific K1652). Reverse-
transcription quantitative PCR to measure transcript levels
was conducted on five leaves of individual plants, each with
three qPCR reactions. The reaction was performed using
KAPA SYBR FAST (Thermo Fisher Scientific, USA) in a
QuantStudioTM 3 system (Thermo Fisher Scientific, USA). In
the ZmAbh4 gene, primers were located in the exons, span-
ning each intron (Supplemental Table S4). Data acquisition
was conducted as described by the supplier, with the respec-
tive annealing temperature for each primer pair
(Supplemental Table S4) and 58�C for the housekeeping
gene (ZmMep). The transcript quantities of each replicate
were calculated relative to ZmMep in the sample (primers:
50-TGTACTCGGCAATGCTCTTG-30, 50- TTTGATGCTCCAG
GCTTACC-30).

Detection of the 18 kb intron insertion in a panel of
33 maize lines
The tested set included maize inbred lines from four differ-
ent heterotic groups: Stiff Stalk dent (B73, EC169, F618,
F98902, D06, D09, UH250), non-Stiff Stalk dent (RP, PH207,
F353, UH304, F252, Mo17 and W117), Northern flint (DP,
CH10, DK105, D152, FF0721H-7, UH006, UH007, UH009,
F283, F2, F7, F03802, EP1), and non-Northern Flint (Lo11,
EC49A, EP44, F64, EZ5), as well as Teosinte.

Two PCRs were performed using a common forward
primer (50-GCACACGAAGAGCATG-30) located in exon 4
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of the ZmAbh4 gene and two alternative reverse
primers located in the 4th intron either within (50-
CTGTGTTCTTTAGAGATATACTT-30) or outside (50-CTCT
CGTTGCTCCT-30) the 18 kb insertion. The reactions were
performed using Q5VR Hot Start High-Fidelity DNA
Polymerase (New England Biolabs Inc., Ipswich, MA, USA)
according to the supplier with annealing at 60�C.
Amplification of respective gene fragments was verified by
Sanger sequencing of the amplicons after separation by aga-
rose gel electrophoresis and purification (NucleoSpinVR Gel
and PCR Clean-up kit, Macherey-Nagel GmbH & Co. KG,
Düren, Germany).

Sanger sequencing
Sanger sequencing was performed using Mix2seq kits at
Eurofins Genomics Germany GmbH (Ebersberg, Germany).

PacBio Long reads
High Molecular Weight DNA isolation and preparation of
PacBio CLR libraries with insert size above 20 kb were per-
formed in CNRGV, INRA Occitanie Toulouse, France
(cnrgv.toulouse.inra.fr). PacBio long reads of the RP and NIL
B genomes were obtained from massive parallel sequencing
performed at the National Genomics Infrastructure (NGI)/
Uppsala Genome Center, Uppsala, Sweden.

Statistical analyses
Analyses were conducted in R Studio (RStudio Team, 2020).
For significance testing, two-sided Student’s t tests were con-
ducted between RP and NIL B. When NILs were compared
to the common reference genotype RP, two-sided Dunnett’s
test was used (R package “multcomp”; Hothorn et al., 2008).
For comparisons among all genotypes, LSD with correction
for multiple testing was applied. One-sided Student’s t tests
were used for significance testing between mutants and
WTs (Supplemental Data Set S2).

Accession numbers
The sequences of genes used in this study are listed in NCBI
under the following accession numbers:

ZmHsftf21 : ZEAMMB73 Zm00001d020714;
ZmAbh4 : ZEAMMB73 Zm00001d020717

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. RP and NIL B differ in carbon
isotope discrimination measured in kernels (D13CKernel),
water use efficiency (WUE), gas exchange parameters and
levels of abscisic acid (ABA).

Supplemental Figure S2. Genetic composition of maize
near-isogenic lines NIL B, G_1 and G_2, and recurrent par-
ent RP.

Supplemental Figure S3. Transcript levels of ZmAbh4 in
recurrent parent RP and near-isogenic line NIL B, measured

by quantitative RT-PCR with primers spanning the different
introns.

Supplemental Figure S4. CRISPR/Cas9 mutants show loss
of function of ZmAbh4.

Supplemental Figure S5. Agronomic traits of NILs and
CRISPR/Cas9 mutants.

Supplemental Figure S6. Measurement of carbon isotope
discrimination (D13C) and its connection to intrinsic water
use efficiency (iWUE).

Supplemental Figure S7. Photosynthesis-related traits in
RP and NIL B.

Supplemental Figure S8. Gel electrophoresis detecting
the presence or absence of the 18kb insertion in the fourth
intron of the ZmAbh4 gene (Zm00001d020717; encoding
ABA 80-hydroxylase 4) in 33 maize inbred lines.

Supplemental Table S1. Regions with genomic introgres-
sions from a donor parent in the background of a recurrent
parent in ten near-isogenic lines (NILs).

Supplemental Table S2. Phenotyping of near-isogenic
maize lines (NILs) in a greenhouse and a growth chamber
experiment.

Supplemental Table S3. Sequence comparisons between
NIL B and RP alleles of ZmAbh4.

Supplemental Table S4. Primers used for the qPCR analy-
sis described in Supplemental Figure S3.

Supplemental Data Set S1. Complete genomic sequences
of the NIL B and RP ZmaAbh4 alleles.

Supplemental Data Set S2. Statistical analyses.
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