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Abstract

Liang, Y. P. and H. F. Ni. 2023. The effect of different phosphite spray formulas on 
phytotoxicity and phosphite uptake of avocado and control efficacy against Phytophthora 
root rot. J. Taiwan Agric. Res. 72(2):81–96.

Phytophthora root rot (PRR) caused by Phytophthora cinnamomi is one of the most important 
avocado diseases in Taiwan. Though foliar sprays of phosphonate fungicides have been used to man-
age this disease in other countries, the most effective application dosage and techniques have not been 
determined for avocado cultivars planted in Taiwan. To provide information for optimizing phosphite 
application strategies, this study investigated the effects of different phosphite spray formulas on 
avocado seedlings of various cultivars, focusing on phytotoxicity and phosphite uptake. The results 
showed that 0.1% and 0.2% phosphite caused mild (phytotoxicity score < 2) or no phytotoxic dam-
age on seedlings of 6 avocado cultivars tested, including ‘Choquette’, ‘Changan’, ‘Hung Shin Yuan’, 
‘Zongpu Green Skin’, ‘Hall’, and ‘CAES3’, while 0.5% phosphite could cause severe phytotoxic 
damage (phytotoxicity score ≥ 2) on ‘Choquette’, ‘Changan’, and ‘Hall’ under high temperature. In 
addition, pH had no obvious effect on phytotoxicity when the solutions were buffered to a pH ranging 
from 6.5 to 7.5. A detached root bioassay showed that, compared with the control, the colonization rates 
of P. cinnamomi were significantly lower in ‘Changan’ seedlings treated with phosphite and an adju-
vant (0.2% phosphite plus Jia-Shou-Huo-Jhan (加收活展 , JSHJ), 0.5% phosphite plus JSHJ, or 0.5% 
phosphite plus S-408), and the root phosphite concentrations were above 180 μg g-1 for all these three 
treatments. Moreover, adding an adjuvant (JSHJ or S-408) to the phosphite solution reduced phytotoxic 
damage and increased the uptake of phosphite into the roots. The results generated from in this study 
will be helpful for the optimization of phosphite application strategies for the avocado industry.
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INTRODUCTION
Phytophthora  root rot (PRR) caused by 

Phytophthora cinnamomi is one of the most 
important avocado diseases not only in Taiwan 
but worldwide, resulting in tree decline, yield 
reduction, and even tree death. Methods cur-
rently used for management of PRR include the 

following: selection of good drainage sites; us-
age of resistant rootstocks, pathogen-free mate-
rials, and mulch; and implementation of proper 
irrigation practices, tree nutrition, and chemical 
controls (Dann et al. 2013).

Phosphonate fungicides (salts and esters 
of phosphite) have been shown to be effective  
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in the management of avocado PRR (Pegg et 
al. 1985; Whiley et al. 2001; Ann et al. 2006; 
Dann et al. 2013). In plants, phosphonate fungi-
cides ultimately dissociate into the relevant cat-
ions and phosphite anions (hydrogen phosphite 
[HPO3

-2] and/or dihydrogen phosphite [H2PO3
-]),  

the latter of which are the active components 
involved in the suppression of P. spp. (Guest 
& Grant 1991; McDonald et al. 2001; Dann & 
McLeod 2021). The specific mode of action 
whereby phosphite suppresses avocado PRR 
is currently largely unknown, but it has been 
suggested that a sufficient level of phosphite in 
roots is required to protect the trees from serious 
PRR (Giblin et al. 2007; Dann et al. 2017). For 
example, in Australia, concentrations of 25–40 
μg g-1 phosphite in avocado roots are considered 
necessary for root protection based on field ob-
servations (Giblin et al. 2007), while another 
study showed that at least 80 μg g-1 is required 
(Dann et al. 2017). The “sufficient level” of 
phosphite to suppress PRR might vary under 
different situations, as it could be related to the 
sensitivity of P. cinnamomi isolates to phosphite 
and the innate resistance level of rootstocks to 
PRR (Dann et al. 2017; Belisle et al. 2019). 
Therefore, the amount of phosphite required for 
effective control of PRR needs to be investigated 
for different cultivars and regions. Nevertheless, 
it has not been determined for avocado cultivars 
planted in Taiwan. 

In avocado, phosphonate fungicides can 
be applied in various ways,  including soi l 
drench, trunk injection, foliar spray, and bark 
spray. There are a few peer-reviewed and non-
peer-reviewed studies comparing the efficacy 
of different application methods. Soil drench-
es of phosphite had proved effective for PRR 
management  in  avocado seedl ings (Ann et 
al .  2006). However, a study conducted with 
10-year-old avocado trees in the field suggest-
ed that soil drenches only provided short-term 
(11 wk) protection (Pegg et al. 1985). Giblin et 
al. (2007) compared the effect of phosphonate 
trunk injections and bark sprays and found that 
root phosphite levels were generally higher in 
injected trees, although bark sprays also pro-
vided sufficient levels for controlling PRR. 

Trunk injections during the seasons when feed-
er roots are relatively strong sinks have been 
shown to have preventative and curative ef-
fects on avocado PRR (Pegg et al. 1985; Dann 
et al. 2013). Because of labor costs and possi-
ble trunk damage caused by injections, foliar 
spray application is considered an effective 
alternative (Dann et al. 2013; McLeod et al. 
2018). In fact, for long-term and cost-effective 
control of PRR in Australia and South Africa, 
phosphonate fungicides are most often applied 
as foliar sprays or trunk injections (Dann et al. 
2013; Masikane et al. 2020).

In Taiwan, to our best knowledge, only few 
growers apply phosphite to manage avocado  
PRR disease. Unlike that in other countries, 
phosphite is not applied annually during specific 
seasons, but applied as a soil drench when avoca-
do trees are found to be in decline or as a foliar 
spray to apparent healthy trees at a rate of 0.1% 
phosphite before the rainy seasons to prevent 
PRR (unpublished data). Moreover, instead of 
using commercially available phosphonate prod-
ucts, most growers make phosphite solutions by 
dissolving equal weights of industrial grade phos-
phorous acid and potassium hydroxide into water 
right before application (Ann 2001). However, in 
a preliminary field trial, we found that spraying 
phosphite at a rate of 0.1% had limited effects on 
elevating the root phosphite concentration, and 
increasing application rate could lead to unaccept-
able phytotoxic damage, but the root phosphite 
concentration still did not reach a level sufficient 
for suppressing PRR (unpublished data). 

Though the phytotoxic effects of phosphite 
and its accumulation in avocado have been in-
vestigated in Australia, South Africa, and the 
United States of America (USA) (Ouimette & 
Coffey 1989; Whiley et al. 2001; Dann et al. 
2017; Masikane et al. 2020), the scion and root-
stock cultivars used in Taiwan are different from 
those used in the above-mentioned countries. 
Instead of ‘Hass’, cultivars widely planted in  
Taiwan include ‘Hall’ (「厚兒」), ‘Choquette’ (「秋
殼」), ‘Changan’ (「章安」), ‘CAES3’ (「嘉選 3 號」), 
and ‘Hung Shin Yuan’ (「紅心圓」) (Liang et al. 
2021), which are also often used as rootstocks. 
Different  avocado cult ivars  might  respond 
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differently to phosphite, but the phytotoxic 
effects of phosphite and its accumulation in 
avocado roots have never been assessed on the 
cultivars planted in Taiwan. 

The efficacy of phosphite uptake via foliar 
spray can be enhanced by applying appropriate 
adjuvants. Hardy et al. (2001) demonstrated 
that, upon control of P. cinnamomi by foliar 
application of phosphite in natural ecosystems, 
adding an adjuvant  to  phosphite  increased 
spray coverage,  promoted spray retent ion, 
as well as reduced spray drift,  evaporation, 
and wash-off. Rolando et al. (2014) analyzed 
the effects of four commercial adjuvants and 
showed that the organosilicone-based adjuvant 
enhanced the uptake of phosphite into Pinus 
radiata. Though foliar application of phosphite 
has been used on avocado in many countries, 
there have been limited studies investigating 
the effects of different adjuvants on the uptake 
of phosphite in avocado. 

The overall objective of this study was 
to provide useful information for optimizing 
phosphite application strategies to manage av-
ocado PRR. The first aim was to evaluate the 
foliar phytotoxicity of phosphite on various 
avocado cultivars when applied at different 
dosages and with different pH values. The sec-
ond aim was to assess the effects of adjuvants 
on phytotoxicity and the uptake efficacy of 
phosphite into avocado. The third aim was to 
evaluate the relationship between phosphite 
concentrations in avocado roots and the con-
trol efficacy against PRR by using a detached 
root bioassay. The information obtained in this 
study will help to optimize the phosphite ap-
plication strategies for avocado.

MATERIALS AND METHODS
Preparation of phosphite solutions, 
cultivation of avocado seedlings, and 
evaluation of phytotoxicity 

Phosphi te  so lu t ions  were  prepared by 
dissolving crystal phosphorous acid (H3PO3, 
Grace Fertilizer Co., Ltd., Taichung, Taiwan) 
in reverse osmosis water. The pH value was 

adjusted to 7.2 by using potassium hydroxide 
(KOH, Grace Fertilizer Co., Ltd.) unless other-
wise stated. 

Avocado cultivars analyzed included ‘Cho-
quette’, ‘Changan’, ‘Hung Shin Yuan’, ‘Zongpu 
Green Skin’ (「中埔青皮」), ‘Hall’, and ‘CAES3’.  
The seeds from each cultivars were grown in 
4-inch pots in the greenhouse to generate the 
seedlings. To evaluate the phytotoxicity effects, 
avocado seedlings were sprayed until run off 
with 0%, 0.1%, 0.2%, or 0.5% phosphite solu-
tion, with each treatment involving five seed-
lings. After 2 wk, all leaves were cut from the 
plants and photographed together (Fig. 1). The 
total necrotic and unaffected areas of all leaves 
were then measured together by using Image J 
software (National Institute of Health, Bethes-
da, ML, USA) (Pride et al. 2020). Because the 
maximum total necrotic leaf area was about 
25% of the total leaf area in this study, and the 
symptom looked severe when the necrotic leaf 
area was above 10%, the phytotoxicity score 
was rated on a scale of 0 to 4, where 0 = no 
necrosis, 1 = less than 2% necrotic leaf area, 2 
= 25% necrotic leaf area, 3 = 5–10% necrotic 
leaf area, and 4 = more than 10% necrotic leaf 
area. 

The exper iment  was  conducted twice . 
In the first trial, the seedlings of ‘Changan’, 
‘Hung Shin Yuan’, and ‘Zongpu Green Skin’ 
were 4–6 months old, while those of ‘Cho-
quette’ were 13 months old. In the second trial, 
the seedlings of ‘Changan’, ‘Hung Shin Yuan’,  
‘Zongpu Green Skin’, and ‘CAES3’ were 9–11 
months old, while those of ‘Choquette’ and ‘Hall’ 
were 18 months old. The ambient temperatures  
in the greenhouse were recorded as 11–33℃ and 26– 
42℃ in the first and second trials, respectively. 
The ambient relative humidity was recorded as 
39–94% in both trials.

Effect of pH on the phytotoxicity of 
phosphite sprays

To evaluate the effect of pH on the phyto-
toxicity of phosphite sprays, the seedlings of 
‘Hall’, ‘Zongpu Green Skin’, and ‘CAES3’ were 
sprayed with 0.5% phosphite solution of different 
pH (6.5, 6.8, 7.2, or 7.5) and the phytotoxic ef-
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fects were evaluated as described in the previous 
section, with each treatment involving five repli-
cate seedlings as well. The ambient temperature 
and relative humidity in the greenhouse were  
recorded as 18–40℃ and was 30–98%, respectively.  
The seedlings of ‘Hall’, ‘Zongpu Green Skin’, 
and ‘CAES3’ were about 16, 8, and 6 months old,  
respectively.

Inoculation of detached roots with P . 
cinnamomi zoospores and assessment 
of the colonization rate

The method for producing P. cinnamomi 

zoospores was adapted from Lonsdale et al. 
(1988). P. cinnamomi P69 was cultured on potato 
dextrose agar (PDA; Merck, Darmstadt, Germa-
ny) at 25℃ in darkness for 5 d. A Petri dish (9 
cm in diameter) containing 2% V8 agar over-
laid with moist miracloth (Merck, Darmstadt, 
Germany) was inoculated evenly with 10 piec-
es of agar blocks (2 × 2 mm) excised from the 
PDA culture. The plate was incubated in dark-
ness for 7 d at 25℃, after which the miracloth  
was transferred to a 250 mL flask containing 
100 mL of 2% V8 broth. The flask was shaken  
overnight in darkness at 25℃ at 160 rpm, and then  

Fig. 1. A representative photograph showing the pattern of phytotoxicity. The leaves were all from the same seed-
ling, arranged from the oldest to the youngest in this photograph from top left to bottom right. This replicate seedling 
was ‘CAES3’ sprayed with 0.5% phosphite, in which the total necrotic area was calculated as 21%.
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the miracloth was washed four times with 75 
mL of mineral salt solution [0.01 M Ca (NO3)2, 
0.005 M KNO3, 0.004 M MgSO4, and 1.3 mM 
Fe-EDTA] for 30 min at 160 rpm. After the 
final wash, 40 mL of the mineral salt solu-
tion was added to the flask, which was then 
shaken at 160 rpm overnight in darkness at  
25℃. The miracloth was washed with 100 mL 
chilled (19℃) water, and then 10 mL of chilled  
water was added into the flask. The flask was in-
cubated at 19℃ under light for 2–5 h to induce  
sporangium production and zoospore release. 
Zoospore concentration was quantified using 
a hemocytometer, and the concentration was 
adjusted to 1 × 104 zoospores mL-1 before use.

For the assessment of the colonization rate, 
three root tips (4 cm in length) were collected 
per seedling. After washing with tap water and 
rinsing with sterile water, the root tips were in-
oculated with P. cinnamomi P69 zoospores. The 
inoculation method was adapted from Van der 
Merwe & Kotzé (1994). Zoospore suspension 
(50 μL) was added to a 200 μL PCR tube. A de-
tached avocado root tip was placed into the tube, 
with the root tip touching the bottom of the 
tube, and incubated in a moisture chamber at  
25℃ for 2 h. Subsequently, the roots were transferred 
to Petri dishes with moist filter paper and incubat-
ed at 25℃ for 2 d. Colonization rates were deter-
mined by aseptically cutting the root tip into  
10 segments (each ≈ 4 mm in length) after sur-
face disinfection for 10 s in 70% ethanol. The 
root segments were then plated sequentially 
on a selective medium, PARPNB-PDA (PDA 
containing 10 mg L-1 pimaricin, 200 mg L-1 am-
picillin, 8 mg L-1 rifampicin, 10 mg L-1 penta-
chloronitrobenzene, 50 mg L-1 nystatin, and 25 
mg L-1 a.i. benomyl), adapted from Jung et al. 
(2000). After incubation at room temperature 
for 2 d, the number of segments from which 
P. cinnamomi grew was counted. The coloni-
zation rate was calculated using the following 
formula: colonization (%) = (the number of 
segments colonized/10) × 100%. The average 
percentage of three root tips from one seedling 
was shown as the value for one replicate.

Effects of adjuvants on phytotoxicity, 
root phosphite accumulation, and P . 
cinnamomi colonization

‘Hall’, ‘Choquette’, and ‘Changan’ seed-
lings were sprayed until runoff with 0%, 0.2%, 
or 0.5% phosphite solution with 0.05% (v/v)  
adjuvant: Jia-Shou-Huo-Jhan (加收活展 , JSHJ)  
(Sinon Co., Taichung, Taiwan) or S-408 (Mi-
crogreen, Ltd., Taichung, Taiwan). The labeled 
composition of JSHJ was “blend of polyeth-
ylene alkyl aryl ether and sodium salt of di-
alkyl sulfosuccinate” and that for S-408 was 
“10% silicone-isohexadecyl”. Phosphite solu-
tions without the adjuvants were also applied. 
There were five seedlings in each treatment. 
Two weeks after the treatment, the phytotoxic 
effects were assessed as aforementioned. Be-
cause growers are advised not to spray phos-
phite during leaf flush, phytotoxicity scores 
were also rated only on mature leaves. 

In the trails using ‘Choquette’ and ‘Changan’,  
three root tips were collected per seedling for 
the assessment of P. cinnamomi colonization 
rate as aforementioned. The rest of the roots 
were sent to SGS Taiwan Ltd. for phosphite 
extraction and quantification. Because of tech-
nical limitations, at least 5 g of dry roots were 
required for processing each sample. There-
fore,  the roots from five replicates in each 
treatment were combined as one sample to be 
analyzed. 

The ambient temperatures and relative humidity  
were recorded as 16–39℃/43–94%, 10–37℃/29– 
94%, and 15–40℃/27–92% in the trials of ‘Hall’,  
‘Choquette’, and ‘Changan’, respectively. The 
seedlings of ‘Hall’, ‘Choquette’, and ‘Chan-
gan’ were about 15, 14, and 6 months old, re-
spectively, in this experiment.

Quantification of phosphite in avocado 
roots

Roots obtained as described in the previous  
section were washed with tap water, blotted dried, 
and weighed to measure the fresh weights. Subse-
quently, they were placed in a brown paper bag, 
and dried at 50℃ in an oven for 5 d, followed by  
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measurement of the dry weights.  Then, the 
dried roots were sent to SGS Taiwan Ltd. for 
phosphite extraction and quantification. The 
analytical method was adapted from McLeod 
et al. (2018) with the following modifications: 
(1) In the last step of phosphite extraction, the 
filtrate was centrifuged at 14,000 g for 40 min 
instead of 20 min. (2) For the liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) 
analysis, the mobile phase consisted of solvent A 
(0.1% formic acid and 5 mM ammonium acetate 
in water) and solvent B (0.1% formic acid and 
5 mM ammonium acetate in methanol). The LC 
gradient was as follows: 0 min, 99% A and 1% 
B; 2.5 min, 50% A and 50% B; 8.5 min, 30% A 
and 70% B; 12.5 min, 0% A and 100% B; 15.5 
min, 0% A and 100% B; 15.6 min, 99% A and 
1% B; and 18 min, 99% A and 1% B, with a flow 
rate of 0.3 mL min-1. The column temperature  
was held at 50℃. The injection volume was 3 μL.  
The electrospray ionization source conditions in 
the negative ionization mode were as follows: a 
capillary voltage of 2.5 kV, source temperature of  
150℃, and desolvation temperature of 400℃. The 
cone and desolvation gas flow rates were 150 and 
800 L h-1, respectively. Phosphite was detected 
using multiple reaction monitoring mode with the 
80.9 > 63 transition at a collision energy of 20 
eV. A recovery rate of 90% was used to adjust the 
LC/MS-MS value. Because most previous studies 
presented phosphite concentrations based on fresh 
weight (McLeod et al. 2018), the dry weight 
phosphite concentration was converted to fresh 
weight concentration according to the moisture 
content of each sample (85–90%). The total 
root phosphite quantity for each sample was 
then obtained by multiplying the root phos-
phite concentration by fresh weight.

Effect of adjuvants and pH on the 
phytotoxicity of phosphite sprays

‘Zongpu Green Skin’ and ‘CAES3’ were 
used for evaluating the effect of pH on the phy-
totoxicity when phosphite was applied with an 
adjuvant. Seedlings were sprayed with 0.5% 
phosphite plus 0.05% JSHJ solution at different 
pH values (6.5, 6.8, 7.2, and 7.5) until runoff. 

There were five replicate seedlings in each 
treatment. The ambient temperature and relative 
humidity in the greenhouse were recorded as  
17–42℃ and 41–93%, respectively. The seedlings  
of ‘Zongpu Green Skin’ and ‘CAES3’ were 
about 8 and 6 months old, respectively, in this 
experiment.

Data analysis
The phytotoxicity scores were analyzed 

by using RStudio version 2022.02.3 (PBC, 
Boston, MA, USA). A Kruskal-Wallis test with 
a significance level of P = 0.05 was used to 
compare distributions of scores across treat-
ments. If the Kruskal-Wallis test was signifi-
cant, post-hoc analysis was performed using 
the Holm-corrected Dunn test to analyze dif-
ferences between treatments.

The root  colonizat ion percentage data 
were transformed by arcsine transformation 
and subjected to one-way analysis of variance 
(ANOVA) followed by Fisher’s least signifi-
cant difference (LSD) test using SAS Enter-
prise Guide version 7.15 (SAS Institute Inc., 
Cary, NC, USA).

RESULTS
Phytotoxicity of phosphite sprays on 
different cultivars of avocado

Prior to phosphite application, all the avoca-
do seedlings were healthy without any symptom 
of foliar necrosis. One day after the seedlings 
were sprayed with 0.2% or 0.5% phosphite, leaf 
discoloration, the initial symptom of phytotoxic 
effect, appeared on the margins of young leaves 
(Fig. 2A). Two days after application, the dis-
colored area expanded and turned darker (Fig. 
2B). Five days after application, the discolored 
area no longer expanded but dried up. Moreover, 
some young leaves became distorted due to the 
phytotoxicity of phosphite (Fig. 2C). Mild phy-
totoxic damage was observed as leaf tip burning 
and small necrotic spots on leaves (Fig. 2D), 
while large, dried areas developed in the case of 
more severe phytotoxic damage (Fig. 2E). Abscis-
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sion of the dried spots was also observed in some 
cases (Fig. 2F). In addition, the degree of phyto-
toxicity might vary from leaf to leaf on the same 
seedling. Generally, younger leaves tended to be 
more susceptible to phosphite phytotoxicity and 
had higher percentages of necrotic area (Fig. 1).

In the first trial to analyze the phytotox-
ic effects of phosphite sprays, application of 
0.1%, 0.2%, and 0.5% phosphite caused mild 
or no leaf burn on all cultivars (Table 1). How-
ever, the phytotoxic damage was more severe 
in the second trial. Phosphite applied at 0.5% 
caused mild leaf burn on ‘Hung Shin Yuan’, 
‘Zongpu Green Skin’ and ‘CAES3’ (phytotox-
icity score < 2), while it caused over 2% (score 
2) necrotic leaf area on ‘Choquette’ and ‘Hall’, 
and over 5% (score 3) necrotic leaf area on 
‘Changan’ (Table 1).

Effect of pH on the phytotoxicity of 
phosphite sprays

Assays to determine the phytotoxic effects 

of phosphite solutions with various pH values 
on avocado were conducted with 0.5% phosphite 
on ‘Hall’, ‘Zongpu Green Skin’, and ‘CAES3’. 
The phytotoxicity scores of ‘Hall’ and ‘Zong-
pu Green Skin’ were close to values obtained 
from assays of 0.5% phosphite without adjuvant 
in Table 1; the score for ‘Hall’ was about 2.4, 
while that for ‘Zongpu Green Skin’ was about 
1–2. However, the average phytotoxicity score 
of ‘CAES3’ (3.2) was higher in this experiment 
compared to that shown in Table 1 (1.0 from 
Trial 2). There was no significant difference in 
the average phytotoxicity scores among different 
pH values for each cultivar as determined by the 
Kruskal-Wallis test (Table 2). 

Effects of adjuvants on phytotoxicity, 
root phosphite accumulation, and P . 
cinnamomi colonization

The average phytotoxicity scores were 
significantly lower for ‘Hall’ seedlings sprayed 

(B)(A) (C)

(D) (E) (F)

Fig. 2. Symptoms of phytotoxic damage caused by phosphite sprays on avocado leaves. (A) One day after appli-
cation of a phosphite foliar spray, initial discoloration could be observed on the margins of new leaves of ‘Choquette’
sprayed with 0.2% phosphite. (B) Two days after application, the discolored area turned darker and the area enlarged. 
(C) New leaves of ‘Zongpu Green Skin’ sprayed with 0.5% phosphite distorted due to phytotoxicity. (D) Leaf tip 
burning and small necrotic spots observed on ‘Zongpu Green Skin’ leaves showing mild phytotoxicity damage from 
0.5% phosphite. (E) Leaves of ‘CAES3’ with large necrotic areas, indicating severe phytotoxicity damage from 0.5% 
phosphite. (F) Abscission of the necrotic spots from ‘Choquette’ sprayed with 0.5% phosphite.
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with 0.5% phosphite plus JSHJ or S-408 as 
compared with those sprayed with 0.5% phos-
phite without adjuvant (P = 0.036 and 0.014, 
respectively) (Table 3). The average phytotox-
icity score for applying 0.2% phosphite plus 
S-408 was also significantly lower than that 
with 0.2% phosphite without adjuvant (P  = 
0.029) (Table 3). The adjuvants had less effect 
on phytotoxicity on ‘Choquette’ and ‘Chan-
gan’, which were less susceptible to phosphite 
phytotoxici ty  than ‘Hal l ’ .  The addi t ion of 
either JSHJ or S-408 adjuvant reduced phy-
totoxicity scores for both the 0.2% and 0.5% 
phosphite sprays, but only the 0.5% phosphite 
spray with JSHJ or S-408 on mature leaves of 
‘Choquette’ significantly dropped the scores 

(Table 4). In contrast, analysis performed with 
‘Changan’ indicated that only the 0.2% phos-
phite spray plus S-408 significantly lowered 
the scores (Table 5). In some plants, phyto-
toxic damage was observed only on immature 
leaves. In ‘Choquette’, no phytotoxic damage 
was observed on mature leaves of seedlings 
treated with phosphite plus adjuvant sprays. 
Application of JSHJ or S-408 alone caused no 
phytotoxic damage.

In control plants without phosphite spray ap-
plication, the root phosphite concentrations were 
very low, with 1.6 and 1.7 μg g-1 for ‘Choquette’  
(Table 4) and ‘Changan’ (Table 5), respective-
ly. In contrast, the root phosphite concentra-
tions and quantities were all elevated by over 

Table 1. Phytotoxic effects of phosphite sprays on various avocado cultivars.

Phosphite app. rate (%)

Phytotoxicity score (M ± SD)z

‘Choquette’ ‘Changan’ ‘Hung Shin Yuan’ ‘Zongpu Green Skin’ ‘Hall’ ‘CAES3’

Trial 1

0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 not tested not tested

0.1 0.2 ± 0.4 0.0 ± 0.0 0.2 ± 0.4 0.0 ± 0.0 not tested not tested

0.2 0.2 ± 0.4 0.4 ± 0.5 0.2 ± 0.4 0.0 ± 0.0 not tested not tested

0.5 0.8 ± 0.4 1.0 ± 0.0 1.2 ± 0.4 1.0 ± 0.7 not tested not tested

Trial 2

0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

0.1 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.4 0.0 ± 0.0 0.2 ± 0.4 0.4 ± 0.5

0.2 1.0 ± 0.0 1.0 ± 0.7 1.0 ± 0.7 1.0 ± 0.0 0.8 ± 0.4 0.8 ± 0.4

0.5 2.0 ± 1.2 3.0 ± 1.4 1.2 ± 1.4 1.8 ± 0.8 2.4 ± 1.3 1.0 ± 0.0
z	Mean (M) and standard deviation (SD) were derived from five replicates.

Table 2. Phytotoxic effects of 0.5% phosphite sprays with various pH values on avocado.

pH value

Phytotoxicity score (M ± SD)zy

Without adjuvant With JSHJx

‘Hall’ ‘Zongpu Green Skin’ ‘CAES3’ ‘Zongpu Green Skin’ ‘CAES3’

6.5 2.8 ± 1.3 1.2 ± 0.4 3.0 ± 1.4 1.0 ± 0.0 0.8 ± 0.4

6.8 2.8 ± 0.4 1.0 ± 0.7 3.2 ± 0.4 1.0 ± 0.0 1.0 ± 0.0

7.2 2.4 ± 0.9 1.0 ± 0.7 3.2 ± 0.8 0.8 ± 0.4 1.0 ± 0.0

7.5 3.8 ± 0.4 1.2 ± 0.4 2.4 ± 0.5 1.0 ± 0.0 1.0 ± 0.0
z	Mean (M) and standard deviation (SD) were derived from five replicates.
y	No significant difference among the average phytotoxicity scores of different pH values for each cultivar as determined by the Kru-

skal-Wallis test.
x	JSHJ: Jia-Shou-Huo-Jhan (加收活展 ).
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10 folds after treatment with phosphite spray. 
In addition, the quantities of phosphite were 
all higher in ‘Choquette’ (Table 4) and ‘Chan-
gan’ (Table 5) seedlings treated with phosphite 
plus adjuvants compared to treatment with 
phosphite at the same rate without adjuvants. 

Generally, the addition of JSHJ yielded 
higher root phosphite quantities than S-408 
under the same phosphite application rate, and 
the treatments with 0.5% phosphite yielded 
higher root phosphite quantit ies than those 
with 0.2% phosphite with the same adjuvant. 

The only one exception was ‘Changan’ seed-
lings sprayed with 0.5% phosphite plus JSHJ, 
in which the root phosphite quantity (6.9 mg) 
was lower than that of seedlings sprayed with 
0.2% phosphite plus JSHJ (9.2 mg) or 0.5% 
phosphite plus S-408 (8.5 mg). In ‘Choquette’, 
t rea tment  wi th  0 .5% phosphi te  p lus  JSHJ 
yielded the highest  root phosphite concen-
tration (111.8 μg g -1) and quantity (10.9 mg), 
while in ‘Changan’, treatment with 0.2% phos-
phite plus JSHJ yielded the highest root phos-
phite quantity (9.2 mg), and treatment with 

Table 3. Effect of adjuvants on the phytotoxicity on ‘Hall’ seedlings.
Phosphite app. rate (%) Adjuvant Phytotoxicity score (M ± SD)z

0.0 - 0.0 ± 0.0

0.2 - 0.8 ± 0.4 a

0.2 JSHJy 0.2 ± 0.4 ab

0.2 S-408 0.0 ± 0.0 b

0.5 - 2.2 ± 0.8 a

0.5 JSHJ 1.0 ± 0.0 b

0.5 S-408 0.8 ± 0.4 b
z	Mean (M) and standard deviation (SD) were derived from five replicates. Values with the same phosphite application rate followed 
by different letters are significantly different according to Holm-corrected Dunn test (P < 0.05).

y	JSHJ: Jia-Shou-Huo-Jhan (加收活展 ).

Table 4. Effects of adjuvants on phytotoxicity, root phosphite accumulation, and Phytophthora cinnamomi coloniza-
tion on ‘Choquette’ seedlings.

Phosphite 
app. rate (%) Adjuvant

Phytotoxicity 
score (M ± SD)z

Phytotoxicity score 
on mature leaves  

(M ± SD)z
Root phosphite 
conc. (μg g-1)

Total root phosphite 
quantity (mg)y

Root colonization 
(M ± SD, %)x

0.0 - 0.0 ± 0.0 0.0 ± 0.0     1.6   0.1 60.0 ± 15.5 a

0.0 JSHJw 0.0 ± 0.0 0.0 ± 0.0 not tested not tested not tested

0.0 S-408 0.0 ± 0.0 0.0 ± 0.0 not tested not tested not tested

0.2 -  0.4 ± 0.5 a  0.4 ± 0.5 a   18.7   1.4 46.7 ± 20.5 ab

0.2 JSHJ  0.2 ± 0.4 a  0.0 ± 0.0 a   78.7   7.3 44.0 ± 23.5 ab

0.2 S-408  0.0 ± 0.0 a  0.0 ± 0.0 a   18.8   2.2 41.3 ± 8.0 ab

0.5 -  1.0 ± 0.7 a  1.0 ± 0.7 a   17.2   1.8 36.0 ± 14.4 b

0.5 JSHJ  0.4 ± 0.5 a  0.0 ± 0.0 b 111.8 10.9 35.3 ± 9.6 b

0.5 S-408  0.4 ± 0.5 a  0.0 ± 0.0 b   78.7   4.8 28.0 ± 11.7 b
z	Mean (M) and standard deviation (SD) were derived from five replicates. Values with the same phosphite application rate followed 
by different letters are significantly different according to Holm-corrected Dunn test (P < 0.05).

y	The total quantity of phosphite from five replicate seedlings in each treatment.
x	M and SD were derived from five replicates. Values followed by different letters are significantly different according to Fisher’s 
least significant difference test (P < 0.05).

w	JSHJ: Jia-Shou-Huo-Jhan (加收活展 ).
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0.5% phosphite plus JSHJ yielded the highest 
root phosphite concentration (199.1 μg g -1) 
(Tables 4 and 5). 

The  root  co loniza t ion  ra tes  were  s ig-
nificantly lower in the ‘Choquette’ seedlings 
sprayed wi th  0 .5% phosphi te  a lone ,  0 .5% 
phosphite plus JSHJ, or 0.5% phosphite plus 
S-408 as compared with the control, and the 
root phosphite concentrations ranged from 17.2 
to 111.8 μg g-1 for these treatments. The three 
treatments with 0.2% phosphite resulted in a 
similar range of root phosphite concentrations 
(18.7–78.7 μg g -1), but the root colonization 
rates were not significantly lower than that of 
the control (Table 4). In the ‘Changan’ seed-
lings sprayed with 0.2% phosphite plus JSHJ, 
0.5% phosphite plus JSHJ, or 0.5% phosphite 
p lus  S-408,  the  average  root  coloniza t ion 
rates were all lower than 30%, which was sig-
nificantly different from that in the control 
(62.7%), and the root phosphite concentrations 
were all above 180 μg g-1 (Table 5).

Effects of adjuvants and pH on the 
phytotoxicity of phosphite sprays

When 0.5% phosphite was applied along 
with the adjuvant JSHJ, the average phytotox-

icity scores were 1.0 or 0.8 for all pH values 
for both ‘Zongpu Green Skin’ and ‘CAES3’ 
seedlings, and there were no significant dif-
ferences in the average phytotoxicity scores 
among the treatments with pH values ranging 
from 6.5 to 7.5, as determined by the Krus-
kal-Wallis test (Table 2).

DISCUSSION
Instead of being uniformly planted with the 

‘Hass’ cultivar, most avocado orchards in Tai-
wan are planted with various cultivars. There-
fore, at the beginning of this study, various 
cultivars were sprayed with phosphite solutions 
at different rates to evaluate the phytotoxic ef-
fects of phosphite on them. The results suggest-
ed that susceptibility to phosphite might vary 
among different cultivars. As there are diverse 
cultivars planted in Taiwan, more than what 
were included in this study, the susceptibility of 
more avocado cultivars to phosphite needs to be 
investigated in the future. Besides, genetically 
identical grafted plants should be used for the 
assessment of susceptibility to provide more 
reliable results. Before then, growers should 
test the application rate on a small scale before 

Table 5. Effects of adjuvants on phytotoxicity, root phosphite accumulation, and Phytophthora cinnamomi coloniza-
tion on ‘Changan’ seedlings.

Phosphite 
app. rate (%) Adjuvant

Phytotoxicity 
score (M ± SD)z

Phytotoxicity score 
on mature leaves  

(M ± SD)z
Root phosphite 
conc. (μg g-1)

Total root phosphite 
quantity (mg)y

Root colonization 
(M ± SD, %)x

0.0 - 0.0 ± 0.0 0.0 ± 0.0     1.7 0.1 62.7 ± 27.5 a

0.0 JSHJ 0.0 ± 0.0 0.0 ± 0.0 not tested not tested not tested

0.0 S-408 0.0 ± 0.0 0.0 ± 0.0 not tested not tested not tested

0.2 - 0.8 ± 0.4 a 0.6 ± 0.5 a   35.2 1.6  39.3 ± 23.3 abc

0.2 JSHJ  0.4 ± 0.5 ab 0.2 ± 0.4 a 183.1 9.2 18.7 ± 11.9 cd

0.2 S-408 0.0 ± 0.0 b 0.0 ± 0.0 a 104.0 5.8 40.0 ± 13.9 abc

0.5 - 1.2 ± 0.4 a 1.2 ± 0.4 a 108.5 5.7  42.0 ± 20.6 ab

0.5 JSHJ 1.0 ± 0.0 a 1.0 ± 0.0 a 199.1 6.9 13.3 ± 8.5 d

0.5 S-408 1.0 ± 0.0 a 1.0 ± 0.0 a 190.8 8.5 29.3 ± 15.9 bcd
z	Mean (M) and standard deviation (SD) were derived from five replicates. Values with the same phosphite application rate followed 
by different letters are significantly different according to Holm-corrected Dunn test (P < 0.05).

y	The total quantity of phosphite from five seedlings in each treatment.
x	M and SD were derived from five replicates. Values followed by different letters are significantly different according to Fisher’s 
least significant difference test (P < 0.05).
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applying it to the whole orchard. In addition, 
the phytotoxic damage was more severe in the 
second trial, in which the ambient temperature 
in the greenhouse was higher than that in the 
first trial. The results suggested that the occur-
rence of phytotoxicity would increase when 
phosphite was applied under high temperature  
(above 35℃). Therefore, growers should be more  
careful when applying foliar phosphite sprays 
under high temperature. 

An inconsistent result in this study was 
that the average phytotoxicity score of ‘CAES3’ 
sprayed with 0.5% phosphite was only 1.0 as 
shown in Table 1, but it was 3.2 in Table 2. One 
possible explanation for this discrepancy is that 
the ‘CAES3’ seedlings were older in the former 
experiment (10 months old) than in the latter (6 
months old). The effects of plant age on phyto-
toxicity should be investigated in future studies 
to test this hypothesis.

I t  is  suggested that  the most  effect ive 
times to apply phosphite are the stages when 
the spring and summer flush leaves have ma-
tured because feeder roots are acting relatively 
as stronger sinks at these two stages (Dann 
et al. 2013). In this study, we also found that 
phosphite could cause deformation of immature 
leaves. The findings further support the advice 
that growers should avoid applying phosphite 
when there are immature leaves on the trees.

In  Ta iwan ,  mos t  g rowers  make  phos -
phite solutions by dissolving industry grade 
H3PO3 and KOH at equal weights into water 
right before application. However, making the 
solution with different sources of water might 
result  in different pH values. For example, 
the pH values of phosphite solutions made by 
dissolving equal weights of H3PO3 and KOH 
into reverse osmosis water (pH 6.8), under-
ground water (pH 7.4), and a different source 
of underground water (pH 7.9) were 6.45, 6.5, 
and 7.5, respectively (unpublished data). To 
provide guidelines for growers for preparation 
of phosphite solutions, whether it is necessary 
to adjust the pH value to a certain range was 
investigated in this study. Whiley et al. (2001) 

compared the phytotoxicity of foliar-applied 
phosphite solutions with different pH values 
ranging from 6.8 to 7.6 and showed that the 
least phytotoxic damage on ‘Hass’ leaves was 
observed at pH 7.2. Therefore, it was suggest-
ed that foliar-applied phosphite solutions be 
buffered to pH 7.2 before application (Dann et 
al. 2013). However, we found no significant 
difference among phosphite treatments with 
different pH values ranging from 6.5 to 7.5. 
One possible explanation for this discrepancy 
is that the sensitivity of the cultivars used in 
this study to phosphite solutions with various 
pH values was different from that of ‘Hass’. 
Another possible explanation is that the sensi-
tivity of seedlings in the greenhouse to phos-
phite was different from that of mature trees in 
the field. Further studies should be conducted 
in the field with ‘Hass’ and grafted mature 
trees to test these hypotheses. 

During the experiments, we observed that 
phosphite sprays formed droplets on the leaves 
due to their  sl ight  hydrophobicity,  and the 
droplets left sticky patches when they dried up. 
Therefore, we speculate that the uneven distri-
bution of phosphite on leaves might increase 
the risk of phytotoxicity and that prompted us 
to investigate the possibility of adding adju-
vants to reduce the phytotoxic damage.

Though the effect  of  adding adjuvants 
into foliar phosphite sprays has been tested 
in a few studies (Hardy et al. 2001; Rolando 
et al. 2014), very few studies focused on the 
effects of adjuvants on avocado. Ouimette & 
Coffey (1989) added 0.1% Triton B-1956 as an 
adjuvant to a foliar spray of potassium phos-
phonate, but there was no comparison of the 
phosphite uptake between the treatments with 
or without the adjuvant. A non-peer-reviewed 
study showed that applying phosphite with 
the adjuvant Agral® or Nufilm® significantly 
increased the risk of phytotoxicity (Whiley et 
al. 2001). To our best knowledge, the present 
study is the first one investigating the effect 
of an adjuvant on phytotoxicity and uptake 
of phosphite on avocado simultaneously. Our 
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study showed that adding adjuvants not only 
decreased the risk of phytotoxicity, but also 
increased the uptake of phosphite into roots. 
In  the  exper imen t s  wi th  ‘Choque t t e ’  and 
‘Changan’, spraying 0.2% phosphite contain-
ing adjuvants even resulted in a higher total 
root phosphite quantity than spraying 0.5% 
phosphite without adjuvant, which means less 
chemical would be needed if spraying with 
adjuvants and the cost of application could be 
reduced. However, it is possible that different 
adjuvants might have different effects on phy-
totoxicity when applied with phosphite, but 
only two adjuvants were tested in this study. 
The effect of more other adjuvants warrants 
further investigation. As there is a wide range 
of active ingredients in adjuvants, and some 
of them, such as Agral® or Nufilm®, might in-
crease the risk of phytotoxicity (Whiley et al. 
2001), growers should test combinations on a 
small scale before applying them to the whole 
orchard.

The root phosphite concentrations were 
all relatively lower in ‘Choquette’ than those 
in ‘Changan’ seedlings treated with phosphite. 
It  is  possible that different cultivars might 
have different abilities to accumulate phos-
phite in roots, which was suggested by Dann et 
al. (2017). This variation could also possibly 
result from the differences in root mass be-
tween the two cultivars. The root fresh weight 
per treatment (five seedlings) for ‘Choquette’ 
was 60–120 g but was 30–60 g for ‘Changan’ 
(data not shown). As ‘Choquette’ seedlings 
had greater root mass than ‘Changan’, the ab-
sorbed phosphite might have been diluted to a 
lower concentration. This could also explain 
why spraying ‘Choquette’ with 0.2% phosphite 
alone yielded the same phosphite concentra-
tion as that with 0.2% phosphite plus S-408: 
the seedlings in the latter treatment happened 
to have a greater root mass. This observation 
might imply that the ratio of roots to leaves 
could influence the final concentration of root 
phosphite.

Generally, the treatments with JSHJ yield-
ed a higher total root phosphite quantity than 

with S-408 under the same phosphite applica-
tion rate, which means JSHJ might be a better 
adjuvant than S-408 when only their ability 
to enhance uptake efficiency is considered. 
The f inding that  spraying ‘Changan’  wi th 
0.5% phosphite plus JSHJ did not result in a 
higher root phosphite quantity than spraying 
with 0.2% phosphite plus JSHJ or 0.5% phos-
phite plus S-408 is confusing. One possible 
explanation is that seedlings in this treatment 
happened to have less leaf area for absorbing 
phosphite. Despite the inconsistency, phosphite 
uptake was consistently enhanced by adding 
adjuvants in this study.

In the detached root bioassay, the root 
phosphite concentrations of ‘Changan’ seed-
lings were all above 180 μg g -1 for the 0.2% 
phosphite plus JSHJ, and 0.5% phosphite plus 
JSHJ or S-408 treatments, in which the root 
colonization rates were all significantly lower 
compared with those of the control. This re-
sult might suggest that a high concentration of 
phosphite in roots is necessary for controlling 
PRR. However, the “sufficient” level of root 
phosphite concentration still could not be de-
termined, because the colonization rates be-
tween the 0.2% phosphite and 0.5% phosphite 
plus S-408 treatments were not significantly 
different, even though there was a difference 
of 155.6 μg g-1 in the root phosphite concentra-
tion between them. 

The relationship between the root phos-
phite concentration and colonization rate in 
the experiment with ‘Choquette’ seedlings was 
also inconsistent, as treatments resulting in the 
same root phosphite levels had significantly 
lower colonization rates than the control in 
some cases but not in others. A possible expla-
nation is that none of the root phosphite levels 
in ‘Choquette’ seedlings treated with phos-
phite sprays reached a level sufficient to make 
a difference in control efficacy. In addition, 
because of technical and financial limitations 
(approximately  195 USD per  sample) ,  the 
roots from each treatment were mixed together 
for phosphite quantification, instead of each 
replicate seedling being analyzed separately. 
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The variat ion of root phosphite concentra-
tion among replicate seedlings could be high 
because the root mass of each seedling was 
different, and this might result in the inconsis-
tency between the root phosphite concentration 
and colonization rate. It is also possible that 
other mechanisms such as induced resistance 
might be involved. More research needs to be 
conducted to clarify the relationship between 
root phosphite concentration and colonization 
rate and to investigate the specific mechanisms 
relating to how phosphite inhibits colonization 
and that will be useful for managing avocado 
PRR.

Phosphite is frequently used as an envi-
ronmentally friendly protectant for controlling 
various plant diseases in Taiwan, but no grow-
er quantifies phosphite concentration in plant 
tissues before or after application, mostly be-
cause there is no facility providing phosphite 
quantification service in Taiwan, and phosphite 
is thought to control diseases by inducing re-
sistance at low concentrations (Ann 2001). 
We propose that quantification of phosphite 
in avocado is important for the following rea-
sons. Firstly, there is evidence that a sufficient 
level of phosphite in roots is required to sup-
press avocado PRR (Giblin et al. 2007; Dann 
et al .  2017). In fact, the current strategy of 
phosphonate application in Australia involves 
quantifying phosphite concentration in feeder 
roots before and after application for growers 
to determine whether they should apply or 
re-apply phosphonate fungicides, which might 
be a good model for phosphite application in 
Taiwan. Secondly, although potassium phos-
phonates are considered harmless to human 
health, some countries still set a maximum res-
idue limit (MRL) for potassium phosphonate 
products in avocado. For example, the Europe-
an Food Safety Authority (EFSA) considers an 
acceptable daily intake (ADI) of phosphonic 
acid to be 1 mg kg-1 applicable, and the MRL 
of phosphonic acid in avocado was set at 50 
mg kg-1 (European Food Safety Authority et 
al. 2020). Though in Taiwan there is no MRL 
set for avocado in the domestic market and no 

avocado is currently exported, accurate phos-
phite quantification techniques might become 
necessary in the future, especially if the indus-
try intends to pursue foreign markets. 

Several analytical methods have been pub-
lished for quantifying phosphite in plant tissues, 
including high performance ion chromatog-
raphy, LC-MS/MS, and gas chromatography–
mass spectrometry (Roos et al. 1999; Barrett 
et al. 2003; Berkowitz et al. 2011; McLeod et 
al. 2018). The advantages and disadvantages 
of these methods have been reviewed in Mc-
Leod et al. (2018). LC-MS/MS was chosen as 
the analytical method in this study because it 
is used by commercial laboratories for quanti-
fying phosphite in avocado roots in Australia 
and New Zealand. This study adapted and in-
troduced the analytical method for phosphite to 
a commercial laboratory (SGS Taiwan Ltd.) in 
Taiwan. We hope that sending roots for phos-
phite quantification will become a common 
practice for avocado growers to optimize the 
application of phosphite in the future.

In conclusion, this study suggested that: 
(1) the susceptibility to phosphite phytotoxic-
ity might vary among different avocado cul-
tivars; (2) the pH value of a phosphite spray 
might have l imited effect  on phytotoxicity 
when the solution is buffered to a pH between 
6.5 and 7.5; and (3) adding adjuvants might 
reduce the risk of phytotoxicity and increase 
the uptake of phosphite. Since the experiments 
were all conducted with non-grafted seedlings 
in the greenhouse, they might not represent 
exactly the effects on grafted mature trees in 
the field. Therefore, future studies with mature 
trees are warranted. The analytical  method 
used for phosphite quantification and the re-
sults derived from this study could provide im-
portant information for optimization of phos-
phite application strategies and future studies 
on managing avocado PRR.

ACKNOWLEDGEMENTS
We thank the Council of Agriculture, Ex-

ecutive Yuan, Taiwan (ROC) for funding this 

臺灣農業研究72(2)-01 Ni.indd   93臺灣農業研究72(2)-01 Ni.indd   93 2023/6/14   下午 07:20:492023/6/14   下午 07:20:49



94 台灣農業研究　第 72卷　第 2期

research; Dr. Adéle McLeod for advice on the 
phosphite quantification method; Da-Jing Liao 
for advice on the statistical analysis; and Miao-
Chun Lin, Li-Zi Yang, and Jia-Da Tsai for assis-
tance with laboratory and greenhouse work.

REFERENCES
Ann, P. J. 2001. Control of plant diseases with non-pesti-

cide compound- Phosphorous acid. Plant Prot. Bull. 
10:147–154. doi:10.6649/PPB.200112_10(4).0001

Ann, P. J., I. T. Wang, F. H. Chang, J. N. Tsai, and H. 
D. Shih. 2006. Phytophthora diseases of avoca-
do in Taiwan. J. Taiwan Agric. Res. 55:13–24. 
(in Chinese with English abstract) doi:10.6156/
JTAR/2006.05501.02

Barrett, S. R., B. L. Shearer, and G. E. S. J. Hardy. 2003. 
The efficacy of phosphite applied after inoculation 
on the colonisation of Banksia brownii sterns by 
Phytophthora cinnamomi. Australas. Plant Pathol. 
32:1–7. doi:10.1071/AP02061

Belisle, R. J., W. Hao, B. McKee, M. L. Arpaia, P. 
Manosalva, and J. E. Adaskaveg. 2019. New Oomy-
cota fungicides with activity against Phytophthora 
cinnamomi and their potential use for managing 
avocado root rot in California. Plant Dis. 103:2024–
2032. doi:10.1094/PDIS-09-18-1698-RE

Berkowitz, O., R. Jost, S. J. Pearse, H. Lambers, P. M. 
Finnegan, G. E. S. J. Hardy, and P. A. O’Brien. 2011. 
An enzymatic fluorescent assay for the quantifica-
tion of phosphite in a microtiter plate format. Anal. 
Biochem. 412:74–78. doi:10.1016/j.ab.2011.01.014

Dann, E. and A. McLeod. 2021. Phosphonic acid: A 
long-standing and versatile crop protectant. Pest 
Manag. Sci. 77:2197–2208. doi:10.1002/ps.6156

Dann, E. K., R. C. Ploetz, L. M. Coates, and K. G. 
Pegg. 2013. Foliar, fruit and soilborne diseases. 
p.380–422. in: The Avocado: Botany, Production 
and Uses. (Schaffer, B., B. N. Wolstenholme, and 
A. W. Whiley, eds.) Centre for Agriculture and 
Bioscience International. Wallingford, UK. 540 pp. 
doi:10.1079/9781845937010.0380

Dann, E. K., A. W. Whiley, D. Armour, and K. G. Pegg. 
2017. Reducing reliance on phosphonates for man-
aging Phytophthora root rot. S. Afr. Avocado Grow-
ers’ Assoc. Yearb. 40:18–23. 

European Food Safety Authority, M. Anastassiadou, G. 
Bernasconi, A. Brancato, L. Carrasco Cabrera, 
L. Ferreira, L. Greco, S. Jarrah, A. Kazocina, R. 
Leuschner, J. O. Magrans, I. Miron, S. Nave, R. 
Pedersen, H. Reich, A. Rojas, A. Sacchi, M. Santos, 
A. Theobald, B. Vagenende, and A. Verani. 2020. 

Modification of the existing maximum residue levels 
for potassium phosphonates in various crops. EFSA 
J. 18:e06240. doi:10.2903/j.efsa.2020.6240

Giblin, F., K. Pegg, G. Thomas, A. Whiley, J. Anderson, 
and L. Smith. 2007. Phosphonate trunk injections 
and bark sprays. in: Proceedings VI World Avocado 
Congress. November 12–16, 2007. Viña Del Mar, 
Chile. Ediciones Universitarias de la Universidad 
Católica de Valparaíso, Valparaíso, Chile.

Guest, D. and B. Grant. 1991. The complex action of phos-
phonates as antifungal agents. Biol. Rev. 66:159–187. 
doi:10.1111/j.1469-185X.1991.tb01139.x

Hardy, G. E. S. J., S. Barrett, and B. L. Shearer. 2001. 
The future of phosphite as a fungicide to control the 
soilborne plant pathogen Phytophthora cinnamo-
mi in natural ecosystems. Australas. Plant Pathol. 
30:133–139. doi:10.1071/AP01012

Jung, T., H. Blaschke, and W. Oßwald. 2000. Involvement 
of soilborne Phytophthora species in Central Eu-
ropean oak decline and the effect of site factors on 
the disease. Plant Pathol. 49:706–718. doi:10.1046/
j.1365-3059.2000.00521.x

Liang, Y. P., C. J. Wu, H. W. Tsai, and H. F. Ni. 2021. 
Avocado branch canker disease caused by Lasiodi-
plodia theobromae and Lasiodiplodia pseudotheo-
bromae in Taiwan. J. Taiwan Agric. Res. 70:81–97. 
doi:10.6156/JTAR.202106_70(2).0001

Lonsdale, J. H., T. Botha, and J. M. Kotzé. 1988. Prelim-
inary trials to assess the resistance of three clonal 
avocado rootstocks to crown canker caused by 
Phytophthora cinnamomi. S. Afr. Avocado Growers’ 
Assoc. Yearb. 11:35–37. 

Masikane, S. L., P. Novela, P. Mohale, and A. McLeod. 
2020. Effect of phosphonate application timing and 
-strategy on phosphite fruit and root residues of 
avocado. Crop Prot. 128:105008. doi:10.1016/j.cro-
pro.2019.105008

McDonald, A. E., B. R. Grant, and W. C. Plaxton. 2001. 
Phosphite (phosphorous acid): Its relevance in 
the environment and agriculture and influence on 
plant phosphate starvation response. J. Plant Nutr. 
24:1505–1519. doi:10.1081/PLN-100106017

McLeod, A., S. L. Masikane, P. Novela, J. Ma, P. Mo-
hale, M. Nyoni, M. Stander, J. P. B. Wessels, and 
P. Pieterse. 2018. Quantification of root phosphite 
concentrations for evaluating the potential of foliar 
phosphonate sprays for the management of avocado 
root rot. Crop Prot. 103:87–97. doi:10.1016/j.cro-
pro.2017.09.013

Ouimette, D. G. and M. D. Coffey. 1989. Phosphonate 
levels in avocado (Persea americana) seedlings and 
soil following treatment with fosetyl-Al or potassium 
phosphonate. Plant Dis. 73:212–215. doi:10.1094/

臺灣農業研究72(2)-01 Ni.indd   94臺灣農業研究72(2)-01 Ni.indd   94 2023/6/14   下午 07:20:492023/6/14   下午 07:20:49



95Phosphite Phytotoxicity and Uptake in Avocado 

PD-73-0212
Pegg, K. G., A. W. Whiley, J. B. Saranah, and R. J. Glass. 

1985. Control of Phytophthora root rot of avocado with 
phosphorus acid. Australas. Plant Pathol. 14:25–29. 

Pride, L., G. Vallad, and S. Agehara. 2020. How to mea-
sure leaf disease damage using image analysis in Im-
ageJ. EDIS 2020. doi:10.32473/EDIS-HS1382-2020

Rolando, C., R. Gaskin, D. Horgan, N. Williams, and M. 
K. F. Bader. 2014. The use of adjuvants to improve 
uptake of phosphorous acid applied to Pinus radiata 
needles for control of foliar Phytophthora diseases. N. 
Z. J. For. Sci. 44:8. doi:10.1186/s40490-014-0008-5

Roos, G. H. P., C. Loane, B. Dell, and G. E. S. J. Hardy. 
1999. Facile high performance ion chromatographic 
analysis of phosphite and phosphate in plant sam-

ples. Commun. Soil Sci. Plant Anal. 30:2323–2329. 
doi:10.1080/00103629909370376

Van der Merwe, M. de V. and J. M. Kotzé. 1994. Fun-
gicidal action of phosphite in avocado root tips on 
Phytophthora cinnamomi. S. Afr. Avocado Growers’ 
Assoc. Yearb. 17:38–45.

Whiley, A. W., J. Leonardi, K. G. Pegg, and P. W. Lang-
don. 2001. Use of foliar applications of phosphonate 
fungicide to control Phytophthora root rot in avo-
cados. in: Proceedings of the Australian and New 
Zealand Avocado Growers’ Conference. June 3–7, 
2001. Bundaberg, Australia. The Australian Avocado 
Growers’ Federation and the New Zealand Avocado 
Growers’ Association. Brisbane, Australia; Tauranga, 
New Zealand.

臺灣農業研究72(2)-01 Ni.indd   95臺灣農業研究72(2)-01 Ni.indd   95 2023/6/14   下午 07:20:492023/6/14   下午 07:20:49



96 台灣農業研究　第 72卷　第 2期

不同亞磷酸配方對酪梨之藥害程度、亞磷酸吸收及 
根腐病防治效果之影響

梁鈺平 1　倪蕙芳 2,*

摘要

梁鈺平、倪蕙芳。2023。不同亞磷酸配方對酪梨之藥害程度、亞磷酸吸收及根腐病防治效

果之影響。台灣農業研究 72(2):81–96。

由Phytophthora cinnamomi造成之根腐病 (Phytophthora root rot) 為台灣酪梨最重要之病害。雖然在國外，
以葉面噴施亞磷酸防治酪梨根腐病由來已久，但針對國內酪梨品種，至今仍缺乏有效施用亞磷酸劑量及技術

之研究。為優化亞磷酸防治酪梨根腐病施用策略所需資訊，本研究以國內常見品種之酪梨苗測試不同亞磷酸

配方對酪梨葉片藥害及亞磷酸吸收之影響。實驗結果顯示，於測試的 6個品種 (「秋殼」、「章安」、「紅心圓」、
「中埔青皮」、「厚兒」及「嘉選三號」) 上，葉面噴施 0.1%及 0.2%之亞磷酸於酪梨苗造成之藥害均極輕微 (藥
害級數 < 2)，而 0.5%亞磷酸則可能於高溫下對「秋殼」、「章安」及「厚兒」造成嚴重藥害 (藥害級數 ≥ 2)。
若亞磷酸已中和至 pH 值介於 6.5–7.5之間，則 pH值對藥害程度影響無顯著差異。於「章安」之離根接種實
驗結果顯示，噴施 0.2%亞磷酸 + 加收活展、0.5%亞磷酸 + 加收活展，或 0.5%亞磷酸 + S-408處理之根系 P. 
cinnamomi 感染率均顯著低於對照組，且此些處理酪梨根系之亞磷酸濃度均大於 180 μg g-1。此外，於亞磷酸

溶液中添加展著劑 (加收活展或 S-408) 可減少藥害並增加根部對亞磷酸之吸收。本研究結果有助於優化亞磷
酸在酪梨產業的應用策略。

關鍵詞：酪梨、展著劑、亞磷酸、根腐病、藥害。
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